EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH 



CERN-EP-2000-148 
OPAL PR 328 
30 November 2000 



43 



X 



Precise Determination of the Z Resonance 
Parameters at LEP: "Zedometry" 



o 
o 

<N : The OPAL Collaboration 

! 

o . 

This final analysis of hadronic and leptonic cross-sections and of leptonic forward-backward asym- 
metries in e + e~ collisions with the OPAL detector makes use of the full LEP 1 data sample com- 
prising 161 pb _1 of integrated luminosity and 4.5 x 10 6 selected Z decays. An interpretation of the 
>^ ' data in terms of contributions from pure Z exchange and from 7/Z interference allows the param- 
• eters of the Z resonance to be determined in a model-independent way. Our results are in good 
Qh. agreement with lepton universality and consistent with the vector and axial-vector couplings pre- 
dicted in the Standard Model. A fit to the complete dataset yields the fundamental Z resonance 
parameters: m z = (91.1852 ± 0.0030) GeV, T z = (2.4948 ± 0.0041) GeV, erg = (41.501 ± 0.055) nb, 
R £ = 20.823 ±0.044, and Ajg = 0.0145 ±0.0017. Transforming these parameters gives a measurement 



of the ratio between the decay width into invisible particles and the width to a single species of charged 
lepton, ri nv /r« = 5.942 ± 0.027. Attributing the entire invisible width to neutrino decays and assum- 
ing the Standard Model couplings for neutrinos, this translates into a measurement of the effective 
number of light neutrino species, N v = 2.984 ± 0.013. Interpreting the data within the context of the 
Standard Model allows the mass of the top quark, m t = (162j^g) GeV, to be determined through its 
influence on radiative corrections. Alternatively, utilising the direct external measurement of mt as 
an additional constraint leads to a measurement of the strong coupling constant and the mass of the 
Higgs boson: a s (m z ) = 0.127 ± 0.005 and m H = (390±|$) GeV. 
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1 Introduction 



One of the principal goals of the Large Electron-Positron (LEP) collider project Q at CERN is to 
make precise measurements of the properties of the Z gauge boson, which are basic parameters of 
nature. These include the Z mass and its total decay width, as well as the composition and angular 
distributions of Z decay products. In combination with other precise measurements 0,0, these physical 
observables provide the most stringent tests of the Standard Model (SM) of electroweak interactions 0] 
yet possible, allowing it to be investigated at the level of higher-order electroweak corrections ||. These 
tests represent a unique probe of the underlying gauge structure of electroweak physics. Possible new 
physics or new particles beyond those of the SM might be revealed through the subtle changes which 
they would induce in the precise results reported here. 

From 1989 to 1995 LEP produced e + e~ collisions with centre-of-mass energies, y/s, close to the 
Z mass, mz- This is referred to as the LEP 1 programme. For much of this period y/s was chosen 
to be within about 200 MeV of mz, close to the peak of the Z resonance curve, in order to obtain 
the maximum number of Z decay events. These "on-peak" data provide high-statistics samples for 
measurements of production cross-sections and Z decay properties, such as partial decay widths and 
forward-backward asymmetries. Data were also recorded at several centre-of-mass energy points up to 
4 GeV above and below the peak of the Z resonance. These "off-peak" data samples provide sensitivity 
to the lineshape of the Z resonance and hence to its mass, mz, and total decay width, T%. The OPAL 
collaboration has previously published measurements of Z properties based on LEP 1 data recorded 
up to the end of 1992 §-g]. 

In this paper we report new OPAL measurements of hadronic and leptonic cross-sections and 
leptonic forward-backward asymmetries based on the higher luminosity LEP 1 runs which took place 
during the years 1993-1995 and resulted in a four-fold increase of our data set. In 1993 and 1995 
LEP energy scans were performed with significant luminosity collected at the off-peak points, in order 
to improve substantially the determination of mz and Tz- These off-peak points were chosen to be 
approximately 1.8 GeV below and above mz- In 1994 all data were collected on peak. In the following 
we will refer to the energy points below, close to and above the Z resonance peak as "peak— 2" , "peak" 
and "peak+2", respectively. In parallel to the large increase of the data set, significant progress has 
been made in each of the many aspects which affect the precision of the results and their interpretation, 
namely the LEP energy calibration, the luminosity determination, the selection of the Z decay products 
and the theoretical predictions of observable quantities. The measurements from the 1993-1995 data 
are combined with those from previous years in order to determine the OPAL values for Z properties 
based on the full LEP 1 data sample. 

We analyse our results by first interpreting the cross-section and forward-backward asymmetry 
measurements in a model-independent fashion, in which the Z couplings to hadrons and leptons are 
allowed to vary freely. This provides a useful phenomenological description of observable Z properties 
and allows basic predictions of the SM, such as lepton universality and the vector and axial-vector 
structure of the couplings, to be verified. We then go on to make a fit within the full context of the 
SM, leading to a direct determination of the accessible SM parameters. In a forthcoming publication 
these OPAL measurements will be combined with similar results from the ALEPH [10|, DELPHI jll]] 
and L3 [12| collaborations, in order to determine the final set of LEP results for Z parameters. 

The structure of this paper is as follows. Section [2] contains a brief description of the OPAL detec- 
tor, simulation program and LEP 1 data samples. Section || gives an overview of the essential concepts 
we use to define our measured sample of Z decays. The LEP centre-of-mass energy calibration is 
outlined in Section |I[ The luminosity measurement is reviewed briefly in Section ||, full details being 
available in The details of the hadronic and leptonic event selections and analyses are given 

in Sections || and ^. The cross-section and leptonic forward-backward asymmetry measurements are 
described in Sections |8] and [9|. In Section [l(] we introduce the basic formalism for the parametrisa- 
tion of the Z resonance and discuss radiative corrections. The determination of Z properties, their 
interpretation within the context of the SM and the implications for SM parameters are presented in 



Section 11. The results are summarised in Section 12 
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2 The OPAL detector and its simulation 



The OPAL detector is described in detail in |LJ]. Therefore only those aspects which are relevant to 
the present analysis are mentioned briefly here. In the following, a right-handed coordinate system 
is used in which the origin is located at the geometrical centre of the tracking chambers, the z-axis 
is along the electron beam direction, the x-axis points to the centre of the LEP ring, r is the radial 
coordinate, normal to z, and the angles 9 and (j) are respectively the polar and azimuthal angles with 
respect to z. The x-axis defines (ft = 0. We set c = H = 1 throughout. 

Charged particle trajectories are reconstructed and their momenta are measured using cylindrical 
central tracking detectors (CT). These consist of a silicon micro- vertex detector [15|, a high precision 
vertex wire chamber, a large volume jet chamber (CJ) and thin z-chambers. The jet chamber is 
400 cm in length and 185 cm in radius. Its 24 azimuthal sectors are formed by planes of anode and 
cathode wires stretched parallel to the z-axis. It provides up to 159 space points per track and also 
measures the ionisation energy loss of charged particles, dE/dx |16| . The z-chambers, which improve 
the track measurements in 9, are situated immediately outside and coaxial with the jet chamber. 
Quality cuts are made to select well-reconstructed tracks emanating from the interaction point for use 
in the analysis. In general no track is used which has a momentum component transverse to the beam 
axis less than 100 MeV. The number of hits associated with the track in the central tracking chambers 
must be at least 20. The distance of closest approach of the track to the nominal beam crossing point 
must be less than 2 cm radially and less than 100 cm along the z-axis. Track finding is nearly 100% 
efficient within the angular region | cos 9 \ < 0.97. For the analyses presented here, slightly tighter 
tracking requirements are imposed which are optimised for each of the Z decay channels. The whole 
central detector is contained within a pressure vessel which maintains a constant absolute pressure 
of 4 bar and a solenoid which provides a uniform axial magnetic field of 0.435 T. The solenoid is 
surrounded by a time-of-flight scintillation counter array. 

The electromagnetic calorimeter (ECAL), located outside the CT pressure vessel and the solenoid, 
measures the energies and positions of showering particles. The barrel consists of a presampler followed 
by a cylindrical ensemble of 9440 lead glass blocks arranged such that each block points towards the 
beam collision point, but the inter-block gaps point slightly away from the origin. Mechanically 
the barrel lead glass calorimeter consists of 10 C-shaped modules. The two endcaps each consist 
of a presampler followed by 1132 lead glass blocks aligned parallel to the beam axis. The barrel 
covers the angular region | cos 9 \ < 0.82 while the endcaps cover 0.81 < | cos 6 \ < 0.98. Overall, the 
electromagnetic calorimeter provides complete coverage for the entire angular range of | cos 9 \ < 0.98. 
Only in the region where the barrel and endcaps overlap, and at the narrow boundaries between the 
barrel modules, is the uniformity of response slightly degraded. For use in the analysis electromagnetic 
clusters in the barrel are required to have a minimum energy of 100 MeV, and clusters in the endcaps 
must consist of energy deposits in at least 2 adjacent lead glass blocks and must have a minimum 
energy of 200 MeV. 

Calorimeters close to the beam axis, and located on both sides of the interaction point, measure 
the luminosity using small-angle Bhabha scattering events. They complete the geometrical acceptance 
down to 25 mrad from the beam axis. These include the forward detectors (FD), which are lead- 
scintillator sandwich calorimeters, and at smaller angles, silicon-tungsten calorimeters [|T^,|l7| (SiW), 
which were installed in 1993, increasing the precision of the luminosity measurement by an order of 
magnitude. 

The iron return yoke of the magnet lies outside the electromagnetic calorimeter and is instrumented 
with streamer tubes as a hadronic calorimeter (HCAL). Four layers of muon detectors [18| (MU) are 
situated outside the hadronic calorimeter. Muons with momenta above 3 GeV usually penetrate to 
the muon detectors. In addition, up to nine hits may be recorded for minimum ionising particles 
traversing the hadronic calorimeter, further aiding muon identification. 

The OPAL data-acquisition system |l!| reads out and records data associated with particular 
events which are selected using a three- level system, consisting of a pretrigger pOfl , a trigger [21] and 



an online event filter [22]. These make use of a large number of independent signals from a variety 
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of detector components and have very high efficiency and redundancy for the Z decay events which 
are of interest for the analyses reported in this paper. The trigger inefficiency for Z events decaying 
to charged fermions within the geometrical acceptance is less than 0.1% and the trigger redundancy 
allows all efficiencies to be measured from the data. The online event filter serves primarily for data 
quality monitoring, but also allows a small number of obvious non-physics events to be identified 
through software reconstruction and rejected from the data stream. The fact that no good events are 
rejected by the filter has been carefully tested using the redundancy of selection criteria and also in 
numerous samples where rejection by the filter was temporarily disabled. Events selected by the filter 
are fully reconstructed online and written into an offline storage facility for further analyses [ |23| . 

Unless stated otherwise, all Monte Carlo event samples have been processed using a full simulation 
of the OPAL detector |^4|] which treats in detail the detector geometry and material as well as the 
effects of detector resolution and efficiency. The simulated events have been reconstructed using 
the same procedures that were used for the OPAL data. Monte Carlo event generators are further 
discussed in Section ||. 



2.1 LEP 1 data samples 

In Table |l| the integrated luminosities are given for all of the LEP 1 data samples which are used in 
this analysis. The total integrated luminosity is 161 pb _1 , which includes 43 pb _1 of data recorded 
off-peak. The peak data are dominated by the dedicated high-statistics running in 1992 and especially 
1994, while most of the off-peak data were collected in the precision scans in 1993 and 1995, when 
the running was confined to three energies: on-peak and peak±2 GeV. During the "prescan" periods 
in 1993 and 1995 running was confined to the peak while all the necessary elements of the LEP beam 
energy calibration were commissioned. These periods also coincide with the commissioning of the SiW 
luminometer (1993) or the SiW bunch tagger (1995), described below. 

The additional 117 pb _1 of luminosity from 1993 to 1995 has warranted a significantly improved 
analysis of the hadronic decay channel. This has reduced the systematic error in the hadronic accep- 
tance by about a factor of three, which makes it comparable with the much reduced statistical error. 
In the analysis of the leptonic channels studies of systematic effects have benefited from the greatly 
increased statistics. Except for the measurement of the fi + yT asymmetry in 1992 (see Section 94.) the 
data presented in our previous publications has not been reanalysed. However, we have retrospectively 
applied corrections for a few small effects (see Section . 



2.1.1 LEP operation 

Many aspects of the LEP experimental programme were optimised to reduce potential systematic ef- 
fects in measuring the parameters of the Z. The off-peak data are essential for the measurements of mz 
and Tz- For the 1993 and 1995 scans, the choice was made to run at only three points to maximise the 
statistical precision in the measurement of these quantities: at the peak and approximately ±1.8 GeV 
from the peak. The exact energies were chosen to allow a precise calibration of the LEP beam energies 
by resonant depolarisation (see Section [ll]). In each scan the cross-sections at the two off-peak points 
were typically measured in adjacent LEP fills, interspersed with fills at the Z peak. This reduces 
any possible systematic biases resulting from changes in LEP or OPAL operating conditions, and also 
gives balanced data samples at the off-peak points within each year. For the determination of mz 
the crucial experimental measurement is the ratio of the cross-sections above and below the Z peak, 
and the impact of inter-year systematic effects are minimised by the balance of peak+2 and peak— 2 
measurements within each year. A check of the stability of the LEP energy calibration can also be 



made by measuring mz in each scan year (see Section 11). 

The determination of Tz, however, chiefly depends on the measurement of the ratio of off-peak to 
on-peak cross-sections. The on-peak cross-sections are essentially determined by the 1992 and espe- 
cially the 1994 data, while the off-peak cross-sections are determined by the 1993 and 1995 data. The 
measurement of Tz therefore enjoys little inherent protection from time-dependent systematic shifts 
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in the scale of the cross-section measurements. Control of potential inter-year systematic uncertainties 
from changes in LEP operation or the OPAL detector configuration are essential. 

The operation of the LEP collider has evolved considerably over the years to increase the luminosity 
delivered to the experiments and to improve the precision with which the centre-of-mass energy could 
be calibrated (see Section Q). Initially LEP operated in a mode in which four bunches of electrons 
and four bunches of positrons collided at the four interaction points every 22 fis. From 1992 to 1994 
LEP ran in a mode with 8 bunches of electrons and positrons which collide every 11 /xs. In 1995 the 
LEP collider was operated in a new "bunch-train" mode, in which four equally spaced bunch-trains 
replaced the usual bunches, and crossed at each interaction point every 22 fj,s. Each train consisted 
of up to four (typically three) bunchlets, separated from each other by 247 ns. Preparations for the 
bunch-train mode required a return to 4-bunch running at the end of 1994 (periods peak(c) and (d)). 
The impact of these changes on the OPAL set up are described below. 

2.1.2 OPAL detector stability 

The configuration of the OPAL detector has changed slightly over the entire period of these mea- 
surements. Of greatest significance was the installation of the precision SiW luminometer before the 
1993 run. This yields absolute luminosity measurements for the 1993-1995 data samples which are an 
order of magnitude more precise than the earlier, systematics- limited measurements using the forward 
detectors. 

A silicon micro-vertex detector was first installed in OPAL before the 1992 running period. The 
detector was augmented for the 1993 run. It was removed for repairs at the end of 1994 (periods 
peak(c) and (d)), and replaced with an improved geometry for the 1995 run. Data from the micro- 
vertex detector are not used directly in the reconstruction of tracks for this analysis. The ~ 0.015Xo of 
additional material it introduces affects the conversion of photons into electron pairs, and is adequately 
reproduced by the detector simulation program. 

Halving the interval between bunch crossings from 22 to 11 //sec in 1992 no longer allowed sufficient 
time to form the full trigger information from the tracking chambers. OPAL adopted a pretrigger 
scheme |^0| in which very loose trigger conditions using fast signals identified a small fraction (~ 1%) 
of all bunch crossings for which sensitivity to interactions in the next crossing would be lost while 
waiting for the full track trigger information. The pretrigger inefficiency for all relevant events was 
determined to be negligible. 

The new bunch-train mode of operation in 1995 required several modifications. In particular, 
the SiW luminometer electronics were considerably modified to operate properly under these con- 
ditions [0|. In addition, small corrections were applied to the electromagnetic calorimeter energy 
measurements on the basis of bunchlet timing information obtained from the time-of- flight detectors, 
or from the tracking chambers. For most events, the tracking detectors are able to determine the 
bunchlet crossing which produced the visible tracks, since only one potential choice of the origin for 
the drift times yields good tracks passing through the interaction point. The misassignment of bunch- 
let number could potentially cause problems in track reconstruction. The influence of such bunchlet 
effects on the event selection efficiencies has been checked using redundant selections and was found 
to be negligible. 

3 Selection and analysis of Z decay channels 

In the SM the Z is expected to decay into a fermion-antifermion pair. With three generations of 
fermions, there are eleven possible decay channels: five quark flavours (the top quark is too heavy), 
three neutrino species and three charged leptons. The approximate branching ratios are 70:20:10 
to hadrons, neutrinos and charged leptons, respectively. Decays of the Z to neutrinos normally go 
undetected and are referred to as invisible decays. No attempt is made in this analysis to separate 
the different quark flavours, with all hadronic Z decays being classified as e + e~ — > qq events. Mea- 
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surements of Z partial decay widths and forward-backward asymmetries using hadronic Z decays in 
which the different quark flavours are distinguished have been published in [25]. 

The analysis described here is focused on selecting visible Z decay events in just four categories: 
e + e~ — * qq, e + e~, [i + fj>~ and t + t~, where, in each case, initial- and final-state radiation can lead 
to one or more additional photons in the final state. Also, the classification e + e~ — ► qq is inclusive 
of all final-state QCD interactions, including hard gluon bremsstrahlung. In general, events in these 
categories can easily be distinguished from each other and from the remaining background, which is 
very small compared to the Z resonance signal, leading to event selections of high efficiency and purity. 

Typical examples of the four event categories as observed in the OPAL detector are shown in 
Figure p]. Independent of the specific decay channel, the detected particles in Z events generally 
exhibit momentum balance along the beam direction, in contrast to background events from two- 
photon interaction processes (e + e~ — > e + e~ff). Events produced by the passage of cosmic rays through 
the detector can normally be rejected since they are rarely consistent with the observed origin of true 
signal events in space and time. The e + e~ — > qq events are characterised by high-multiplicity final 
states, due to quark fragmentation and hadronisation, in contrast to the low-multiplicity lepton-pair 
events. The e + e~ — > e + e~ events have two high-energy deposits from the final-state electrons in 
the electromagnetic calorimeter, associated with tracks reconstructed in the central detector. The 
e + e~ — ► /U 4 ' \x~ events typically contain two high-momentum central detector tracks, with little energy 
deposited in the electromagnetic calorimeter. The tracks are usually associated with track segments in 
the muon chambers or the hadron calorimeter strips, which provide evidence for penetrating muons. 
The e + e~ — > t + t~ events are distinguished by two low-multiplicity 'jets', each consistent with the 
decay of a r, and typically a lower measured energy than the other lepton-pair final states, due to 
the undetected neutrinos from the r decays. The detailed selection criteria for events in each of these 
four categories are described in Sections || and |7|. The selections have very little overlap, in particular 
for the three leptonic selections it is ensured that no event is classified in more than one category (see 
Section 7.5). 



3.1 Experimental acceptance 

The limited coverage of the tracking chambers in the forward direction prevents us from detecting lep- 
tons close to the beam direction, but the simple topologies of the lepton-pair final states allow a precise 
experimental acceptance to be defined in a restricted region of cos#. In the case of the e + e~ — > 
and t + t - channels the cross-sections in these regions (| cos#| < 0.95 and 0.90 respectively) can then 
be extrapolated to the full angular acceptance. 

In addition to the Z s-channel annihilation diagram, the process e + e~ — > e + e~ has contributions 
from i-channel diagrams, dominated by photon exchange, which lead to a divergence of the forward 
cross-section. This makes a similar extrapolation of the e + e~ — > e + e~ cross-sections to the full angular 
acceptance meaningless. We therefore restrict the e + e~ — > e + e~ measurements to a region well within 
the detector, |cos#| < 0.70, which limits the t-channel contributions to a manageable level (15% at 
the peak), and do not extrapolate them. 

For e + e~ — ► qq events, the hadronic jets are broad enough to ensure high efficiency even for events 
with decay axes close to the beam direction. Hence we have almost 100% acceptance for Z events 
decaying hadronically, and directly measure events produced over essentially the full angular region. 
The approximately 0.5% inefficiency is dominated by very narrow 2-jet events oriented along the beam 
line. 



3.2 Kinematic acceptance for cross-sections and asymmetries 

In order to interpret the measured cross-section and asymmetry for each reaction the limits of kine- 
matic phase space must be specified in a precise manner, which is adapted to available theoretical 
calculations, in order to take into account properly the effect of initial- and final-state photon radiation. 
We therefore correct our raw measurements to correspond to simple, ideal, kinematical limits, which 
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are chosen to correspond reasonably closely to the experimental acceptances to reduce the resulting 
acceptance extrapolations. Table || summarises the limits of the ideal kinematic phase space within 
which we define our cross-sections and asymmetries for each species. The experimentally observed 
number of events in each channel is corrected for selection inefficiencies and background to give the 
total number of events produced within the kinematic acceptance defined by these idealised cuts. 

We specify the kinematic phase space for the cross-sections for all species, except electrons, in terms 
of a lower bound on either s' / s or mL/s. Here s' is the squared centre-of-mass energy after initial-state 
radiation and m f j is the invariant mass of the final-state fermion pair. Both definitions suffer from 
some degree of ambiguity. In the case of e + e~ — ► qq, QCD effects obscure the precise meaning of 
mj^, while s' suffers from the impossibility of distinguishing initial- from final-state radiation. There 
is, however, little quantitative difference in our regime between m»j and s'. Switching between using 
m^- and s' in the acceptance definition changes the hadronic cross-section, for example, by only a few 
parts in 10 5 . 

The experimental acceptance becomes very small for events with low s' or m^, but the number 
of produced events in this region is also small. The calculated number of hard radiative events which 
fall between our ideal and experimental acceptance limits in proportion to all accepted events is about 
1.5 x 1CP 4 for hadrons and 5 x 1CP 3 for /U + /i~ and t + t~ . For e + e~ — > n + ^ and r + r _ the dominant 
acceptance extrapolations (respectively ~ 7% and 15%) are due to the limited angular region of the 
experimental event selection. 

For the process e + e~ — > e + e~ the ideal kinematic acceptance is chosen very close to the experi- 
mental acceptance, both being defined by the range of polar angles allowed for the final-state e~ and 
the maximum e + e~ acollinearity. The total acceptance correction required is less than 1%. 

For measuring the asymmetries we treat the kinematic acceptance for all the leptons similarly to 
the electrons, and limit the range of polar angle of the final-state fermions to the nominal experimental 
acceptance. To reduce effects associated with strong initial-state radiation, we also limit the maximum 
acollinearity between the pair of leptons to 10° or 15°, as shown in Table [2|. 



3.3 Four-fermion processes and radiative photon interference 

Four-fermion diagrams, as shown in Figure m, also contribute at a small level to the selected event 
samples. Some of these, such as the conversion of initial- or final-state photons to fermion pairs (Fig- 
ure |2|(b) and Figure §(c)) are properly considered as radiative corrections to fermion pair production. 
We therefore apply corrections to the selection efficiency where necessary to ensure that such events are 
fully counted as part of the measured signal. Other four-fermion processes, such as multi-peripheral 
diagrams (two-photon processes, Figure |2|(d)) are clearly unrelated to the Z and we therefore subtract 
them as background. A third class of four-fermion processes (Figure |2|(e) and Figure |2|(f)) are pair 
corrections to scattering in the i-channel. Such events are treated as signal only in the e + e~ — > e + e~ 
channel. More details concerning the treatment of four-fermion final states are given in Appendix |A.1| . 

Our measured cross-sections and asymmetries include the effects of interference between initial- and 
final-state photon radiation. Since our primary Monte Carlo programs, JETSET and KORALZ^ do 
not include such interference, we adjusted the calculated event selection efficiency for our cross-section 
measurements by corrections of 0(1CT 4 ) to account for this deficiency, as described in Appendix [A,2| . 
For the asymmetries there is a close correspondence between the experimental and ideal acceptances, 
and no such acceptance correction is necessary. 



3.4 Monte Carlo event generators 

The following event generator programs have been used to simulate signal and background processes: 
e + e~ — > qq events have been generated using the programs JETSET, version 7.3 [26 . and HERWIG, 
version 5.8 p7|], with hadronisation parameters tuned using a sample of hadronic events selected from 



x KORALZ can include initial-final-state interference, but only when radiative corrections are treated to O(a) 
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OPAL LEP 1 data [28|. Cross checks have been made using version 7.4 of the JETSET program |ps[] 
with an updated set of parameters [3C] tuned using a larger sample of OPAL LEP 1 data. The KO- 
RALZ program, version 4.02 [31], has been used for e + e~ — > fi + ^ and e + e~ —* t + t~ events and the 
BHWIDE program, version 1.00 32], for e + e~ — * e + e~ events. Background events produced by two- 
photon interaction processes, e + e~ — ► e + e~ff, have been studied using the programs PHOJET Iffijfl , 
HERWIG and the program of Vermaseren [34], while those from e + e~ — > 77 have been calculated 
using the RADCOR program [35|. The four-fermion signal processes in the s-channel have been stud- 
ied using the FERMISV |3(| generator. Background from t-channel four-fermion events has been 
evaluated using PYTHIA p3] for e + e _ — > e + e~qq and grc4f [37] for e + e~ — ► e + e~£ + £~ . 



4 LEP energy 

The LEP energy scale is one of the crucial ingredients in the determination of Z resonance parameters. 
The initial energy calibration of LEP p§ was performed in 1989 and 1990 by circulating protons in the 



LEP ring at 20 GeV and using magnetic measurements to obtain the centre-of-mass energy in physics 
conditions. This resulted in errors on y/s, and hence mz, of 28 MeV and 22 MeV for the 1989 and 



1990 data, respectively. Using the technique of resonant depolarisation |39], a precise calibration of 
the LEP energy scale was achieved in 1991, resulting in a systematic uncertainty of 6 MeV on mz and 
approximately 5 MeV on Tz [fttj. The recognition of energy shifts due to the alignment of the copper 
RF cavities had particular importance at the two interaction points equipped with cavities (OPAL and 
L3). The calibration of the LEP energy scale in 1992 ]^l] was performed using a similar procedure. 
In 1992, however, calibrations with resonant depolarisation were successful only late in the year and 
showed a large spread. The central value of the energy derived from the polarisation measurements 
was found to be in good agreement with the one obtained from methods based on measuring the 
magnetic field in the LEP dipoles. The quoted error of 18 MeV on y/s arises predominantly from the 
scatter of the depolarisation measurements and the extrapolation to the beginning of the year using 
magnetic measurements. Since the 1992 data have all been collected at the peak of the Z resonance, 
this larger error has an insignificant impact on the precision of the derived Z resonance parameters. 

In 1993 a more complete understanding of the time-dependent parameters that influence the LEP 
energy, such as tidal deformations of the Earth and changes in magnet temperatures, as well as 
more frequent polarisation measurements, led to a further increase in the precision of the energy 
calibration. A concerted effort to ensure the complete logging of all LEP parameters relevant to the 
energy measurement allowed this inherent precision to be extended to a large fraction of all fills. This 
resulted in a systematic uncertainty of 1.4 MeV on the absolute centre-of-mass energy of LEP p2j, and 
the point-to-point energy errors, including the error on the centre-of-mass energy spread, contributed 
an uncertainty of 1.5 MeV on Tz- The quality of measurement was maintained throughout the 1994 
running. 

In 1995 vertical dispersion of the beam energy at the interaction point was introduced by bunch- 
train operation, which required frequent vernier scans to control possible shifts in the mean centre- 
of-mass collision energy p3}| . More significantly, additional instrumentation installed in the LEP 
tunnel allowed the observation of an unexpected change in the beam energy during LEP fills. Leakage 
currents from the electric railway system in the Geneva area flow through the LEP tunnel and perturb 
the magnetic field of the LEP dipoles, which causes the bending field (and hence, the beam energy) 
to rise steadily during a fill. The interplay between the rise introduced by the leakage currents and 
that due to temperature variations in the dipole magnets necessitated a more detailed study of the 
temperature-dependence of the bending field, resulting in a much improved model of this behaviour. 
This knowledge provides the definitive description of the LEP energy calibration for 1993-1995 



In light of this improved understanding, the 1993 energies and their errors, first published in [42], have 
been revised, and the errors significantly increased. The data needed for updating the less critical 
calibrations for years earlier than 1993 are unavailable. However, these errors are uncorrelated with 
the errors for 1993-1995, so the data can easily be combined. 
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Taking these final calibration results into account, the uncertainties in the LEP energy contribute 
errors of 1.8 MeV and 1.3 MeV to the OPAL determination of mz and Tz respectively, as described in 
Section 11.2.1 . At a scale a few times larger than the inherent precision of the LEP energy calibration 
an important and completely independent test of its consistency over time can be made by studying 
the stability in the value of mz measured over the six years of data-taking (see Table 32). 

The values for the spread of the centre-of-mass energies, due to the energy spread of the particles 
in the beams, for the different running periods and energy points are summarised in Tables 20 and 21 
of reference 43]. For the 1993-1995 data they range between 54.6-56.7 MeV, increasing with y/s, and 
with uncertainties of 1.1 MeV in 1993-1994 and 1.3 MeV in 1995. The centre-of-mass energy spreads 
for data from years before 1993 have been re-evaluated using measurements made in subsequent years. 
They are between 43-53 MeV, with an error of 3 MeV. We quote our cross-sections and asymmetries 
both as measured and after correction for the energy spread, as described in Appendix |C[ 



5 The luminosity measurement 

All OPAL cross-section measurements rely on normalising the observed number of events in any given 
final state to the integrated luminosity measured by counting the number of Bhabha scattering events 
at angles small enough that t-channel photon exchange dominates the cross-section, and the influence 
of the Z is reduced to a small correction 1%). 

The SiW luminometer and the associated luminosity selection, which are fully described in [JDJ, 
have been optimised to exploit the characteristics of Bhabha scattering, e + e~ — > e + e~. The small-angle 
cross-section of e + e~ — > e + e~ is dominated by the t-channel exchange of a photon, leading to a 1/9 3 
spectrum, where is the angle of the out-going electron and positron with respect to the incoming 
beams. By instrumenting a region at very small angles, the accepted e + e~ — > e + e~ cross-section for 
SiW is approximately 79 nb, sufficiently larger than the total cross-section for Z production to limit 
the importance of the statistical uncertainty in the luminosity measurement. The forward-peaked 
1 /# 3 Bhabha spectrum requires that the detector and luminosity analysis define the inner edge of the 
acceptance with particularly high precision in order to reduce the systematic error. For example, to 
achieve a precision of 1(T 3 , the inner edge of the acceptance must be known to 10 //rad, corresponding 
to about 25 /jm in the radial coordinate of the showers produced in the calorimeters, which are located 
at a distance of approximately 2.5 m on each side of the beam crossing point. 

For the measurement of the absolute luminosity, the experimental error achieved by the SiW lu- 
minometer is 3.4 x 10~ 4 , which includes all intrinsic and time-dependent sources of experimental 
uncertainty, such as detector geometry, gain variations, energy and positional biases in the detector 
response to electromagnetic showers, variations in the LEP beam geometry, backgrounds and other 
environmental influences. In 1995 the introduction of bunch-trains in LEP led us to install a "wagon 
tagger" [13| which allowed the luminometer to measure Bhabha-scattering events in all bunchlet cross- 



ings in each bunch-train with no compromise in performance. 

For the first four years of the LEP 1 programme OPAL used the forward detectors [14| for measuring 
the luminosity with a resulting systematic uncertainty of 4.1 x 10~ 3 . This uncertainty dominates the 
total uncertainty on the hadronic pole cross-section obtained from the 1990-1992 data. The larger 
systematic error of the FD measurement leads to a reduced weight from the earlier data (~ 4%) 
in determining the hadronic cross-section. Since the SiW luminometer was installed in front of FD, 
obscuring its inner edge, no direct experimental cross-calibration of the two detectors is possible. A 
retrospective check of the hadronic peak cross-sections measured from the 1992 and 1994 data shows 
good agreement (0.4 ± 0.5)%. 

The luminosity measurement requires that the theoretical cross-section for small-angle Bhabha 
scattering within the experimental acceptance be accurately calculated. At the time of our last Z 
resonance publication techniques based on YFS exponentiation yielded an error of 2.5 x 10~ 3 [Hj. 
These calculations have been extended to include second-order next-to-leading log terms pqj, and cal- 



culations of third-order indicate that the error is 6.1 x 10 pqj. Improved calculations of light pair 
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corrections within the OPAL SiW acceptance result in a final total theoretical error of 5.4 x 10 W<ti - 
The scale of our previously published cross-sections, normalised with the FD luminometer, have been 
corrected in this analysis to incorporate these latest theoretical results in small-angle Bhabha scatter- 
ing. 



In the SM about 87% of visible Z decays are expected to result in quark-antiquark pairs, leading to 
hadronic final states. These events therefore provide the most accurate determination of mz and T%. 
In general, hadronic events can be clearly distinguished from leptonic Z decays, or other background 
processes, due to their high multiplicity and large visible energy of final-state particles and the balance 
of visible momentum along the beam direction. Problems mainly arise for events consisting of two 
narrow jets in which most of the final-state particles have trajectories with only a very small angle 
relative to the beam axis. The geometrical coverage of the detector is incomplete in these regions, 
because of the beam pipe and associated apparatus, and therefore only a fraction of the particles 
from such an event are registered. The evaluation of the selection inefficiency which results from the 
loss of such events depends on the modelling of QCD effects in the process qq — ► hadrons, which we 
subsequently refer to as "hadronisation" modelling. Since the treatment of hadronisation in Monte 
Carlo event generators is limited by phenomenological uncertainties, we have developed a new tech- 
nique which uses the centre of the barrel region to emulate the setup and response of the detector 
close to the beam axis. This allows us to estimate the inefficiency using real data events and results 
in a factor of almost three reduction in the systematic error for the acceptance calculation compared 
to our previous publications |8],||]. 

6.1 Selection criteria 

The selection of e + e~ — * qq events uses the information from tracks reconstructed in the central 
detector (CT) and clusters of energy reconstructed in both the lead glass (ECAL) and the forward 
detector (FD) electromagnetic calorimeters. Tracks are typically reconstructed with good efficiency 
down to 6 = 15°, ECAL clusters extend down to 9 = 11° and the FD covers the range from 3° < 6 < 9°. 

The selection is based on the following event parameters. iVtrack is the total number of tracks, 
-^cluster and Nfd are the total numbers of ECAL clusters and FD clusters, respectively. -Cluster is the 
energy of ECAL cluster i, (i = 1, -ZVciuster)- i£ FD is the energy of FD cluster j, (j = 1,./Vfd)> where a 
valid FD cluster must have at least 3 GeV. Each event is divided into two hemispheres with respect 
to the thrust axis of the event, which is determined using all the tracks and clusters in the event. 
The invariant mass of each hemisphere is calculated from the tracks and clusters which lie within it, 
assigning the pion mass to tracks and zero mass to clusters. No attempt is made to eliminate the 
implicit double counting of energy when using both track momenta and calorimeter energy for charged 
particles, such as electrons. The sum of these two hemisphere invariant masses is mhemi- 
Five selection criteria are used to define a candidate e + e~ — > qq event: 

• Charged multiplicity: A" trac k > 2 . 

• Total multiplicity: iV a ii = iV track + Aci us tcr + Afd > 11 • 

• Sum of the invariant masses of the two hemispheres: 7Ti nem i > 4.5 GeV. 
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where Q% and 9j are the polar angles of ECAL cluster i and FD cluster j, respectively. 

Most Z decays to leptonic final states are rejected by the cuts on iV a ii and m-hemi- The additional 
loose cut on -/V trac k reduces the background arising from events induced by cosmic ray muons or 
showers. The requirements on / yfs and R\^ vgy suppress contributions from two-photon interaction 
processes. The factor 1/3, by which the weight of the FD energy is reduced in the construction of 
^caiVv^; is chosen to optimise the separation between e + e~ — > qq signal events and two-photon 
background. A comparison of distributions of some of the cut variables between data and Monte 
Carlo simulation is shown in Figure ^. 

The Monte Carlo prediction, based on the JETSET [26 event generator, for the e + e~ — > qq 
selection inefficiency on-peak is e MC = (48.1 ± 1.1) x 10~ 4 within s'/s > 0.01. The inefficiency of the 
selection is approximately constant as a function of s' down to s'/s = 0.25. For events with still harder 
initial-state radiation (ISR) it rises rapidly and approaches 100% for s'/s = 0.01, most events being 
rejected by the requirement on R^ TSy ■ At the peak energy events with hard radiation (s'/s < 0.25) 
comprise only a small fraction (4 x 10 -4 ) of the total cross-section and about half of these fail the 
selection. At centre-of-mass energies away from the Z peak the relative rate of hard-radiation events 
is higher, which slightly reduces the efficiency compared to the peak. Changes of —4.7 x 10~ 4 and 
— 1.4 x 10 -4 were calculated using dedicated Monte Carlo samples at peak— 2 and peak+2, respectively. 
In addition, a small contamination (0.3 x 10 -4 at the peak) from selected events with s'/s < 0.01 is 
subtracted. Effects from multiple ISR, which are not simulated in the JETSET Monte Carlo generator, 
have been checked and were found to be negligible for determining the efficiency. 

The total number of e + e~ — ► qq events selected from the 1993-1995 data samples is 2 908 566, giving 
a relative statistical error of 6 x 10~ 4 . In order to reduce the uncertainties on systematic effects to a 
corresponding level one must carefully disentangle the potential error sources and apply new techniques 
which base the corrections largely on the observed data properties. In the following subsections we first 
describe a method to determine the inefficiency due to events lost along the beam axis based on well- 
measured data events in the barrel region of the detector. We then discuss corrections and systematic 
errors associated with the selection of e + e~ — > qq events and the background estimation. Unless 
specified otherwise the quoted correction factors and uncertainties refer to the 1994 peak data. Full 
details for all data periods are given in Table ||. Correlations between energy points and data-taking 
years are specified in Table [T?]. 



6.2 Acceptance hole emulation 

The overall inefficiency of the event selection is approximately 5 x 10~ 3 . Most events which are lost 
have narrow, two-jet final states pointing into the very small polar-angle region (large |cos#|, close 
to the beam axis), where there is a "hole" in the acceptance. In contrast, the inefficiency in the entire 
barrel region is about 1 x 10~ 4 . One of the principal systematic errors in the Monte Carlo calculation 
of the selection inefficiency arises from uncertainties in the physics modelling of this class of events 
and hence in the evaluation of the rate of events lost in the acceptance hole. In order to match the 
goal of 5 x 10~ 4 acceptance uncertainty set by the statistical precision, the rate of such lost events 
must be understood at the 10 % level. 

In previous OPAL analyses this hadronisation uncertainty was assessed by comparing the 
inefficiencies predicted by different Monte Carlo generators, JETSET and HERWIG, and by using 
different parameter settings within the JETSET program, which led to a systematic error assignment 
of 0.11% in the cross-section. To reduce substantially this source of uncertainty a new technique was 
developed, which uses data events collected in the barrel region of the detector as a control sample. 
In this technique, which we refer to as the "acceptance hole emulation", we modify the response 
of both the real detector and its Monte Carlo simulation in the region surrounding the x-axis, 2.6. 
perpendicular to the beam axis, to correspond closely to the actual gaps and imperfections in detector 
coverage around the z-axis. 

The first step of the acceptance hole emulation is to identify a sample of hadronic Z events whose 
thrust axes lie within a well-defined cone around the x-axis, chosen to be large enough to safely cover 
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the corresponding problematic region around the z-axis (| cos#thr| > 0.90). This sample is complete 
and unbiased due to the almost complete detection efficiency in the barrel region. We then emulate 
the detector response which would have been observed if the defining cone of this sample had been 
oriented along the z-axis by degrading the actual detector response correspondingly. Since CT plays 
a minor role in the selection, the edge of the CT acceptance is emulated simply by rejecting tracks 
which point within the corresponding narrow cone about the x-axis. For the most crucial detector 
component, ECAL, in addition to using such a geometric rejection, we emulate the position-dependent 
energy response and cluster separation near the edge of the hole. Similarly, the FD is emulated using 
the data from the ECAL clusters in the barrel by mapping the appropriate angular range, cluster 
size and energy threshold. Small adjustments of the selection cuts are made, such that the exclusive 
inefficiency of each cutQ due to the emulated hole matches the corresponding inefficiency due to the 
endcap hole. We then re-apply the event selection criteria^to determine the inefficiency of the selection 
for the emulated, x-axis hole, e^ ata . 

This entire procedure is repeated with a sample of Monte Carlo events to determine the corre- 
sponding inefficiency of the selection in the x-axis hole, e^ c . To the extent that the emulated holes 
in the Monte Carlo simulation and in the data are identical, the differences in e ^ ata and e™ c will 
be exclusively due to departures in the Monte Carlo model of hadronisation. The ratio between the 
two emulated inefficiencies, e^ ata /e^ IC , therefore provides a correction factor to the Monte Carlo cal- 
culation, which accounts for the imperfections in the hadronisation modelling. The overall corrected 
e + e~ — > qq event selection inefficiency, e corr , is calculated as 



-corr _ fc z =MC (-1 \ 

°x 



where e MC is the overall selection inefficiency predicted by the Monte Carlo simulation. We obtain 
gcorr _ (gg g _)_ 1 3) x io -4 5 which is 8.7 x 10~ 4 larger than e M . Accounting for detector simulation 
deficiencies in the barrel region, as discussed in Section 6.3.1 , reduces this difference to 5.5 x 10 -4 . 
Note that it is sufficient to calibrate the rate of lost events with this method at the level of several 
per-cent. It is not necessary, or expected, that either or e^ ata gives an accurate estimate of the 
true inefficiency close to the z-axis. Small differences between the composition of the event samples 
along the x- and z-axes, such as introduced by initial-state radiation, are completely negligible for this 
purpose. 



6.3 Selection uncertainties for e+e — ► qq events 

In this subsection the various sources of systematic uncertainties in the selection of e + e~ — > qq events 
are discussed. The acceptance hole emulation strongly reduces the dependence on the hadronisation 
modelling. However, it also introduces new systematic errors which are related to the quality of the 
hole emulation and the detector simulation in the barrel for determining £^ c . The direct reliance on 
detector simulation for determining e MC is the other main source of uncertainty. Here the simulation 
of the endcap detectors is of particular importance. In our previous analysis Q a detector simula- 
tion uncertainty of 0.14% was assigned, based on the global comparison of data and Monte Carlo 
energy distributions. Such broad checks cannot distinguish between detector simulation problems 
and deficiencies in the physics modelling of the generator. They are also insensitive to possible local 
inhomogeneities in detector response. In order to disentangle these effects a new approach has been 
adopted which investigates in more detail the simulation of individual hadronic and electromagnetic 
showers in the calorimeters. Finally, the performance of the detector was carefully checked. Each 
aspect of triggering, data taking and data quality which could bias the selection has been examined. 

2 The inefficiency due to events which fail just the cut under discussion. 

3 In applying this event selection all axis-sensitive quantities, such as R^ rsy , are transformed from the z-axis to the 
a;- axis. 
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6.3.1 Systematic errors in the acceptance hole emulation 



Three different sources contribute to systematic uncertainties of the acceptance hole emulation: (i) the 
residual hadronisation dependence, (H) limitations of the acceptance hole emulation program, and (in) 
the quality of the detector simulation in the barrel region for determining £^ c . Table |4] summarises 
the corresponding uncertainties. 

Residual hadronisation dependence: The sensitivity of the method to uncertainties in the mod- 
elling of hadronisation has been assessed by varying the parameters of the fragmentation model in the 
JETSET |2(| Monte Carlo event generator and by employing an alternative Monte Carlo program, 
HERWIG |2^] , which uses a different fragmentation mechanism. As an example, we changed the JET- 
SET parameter Qq, the invariant mass cut-off below which gluon radiation stops, from its default value 
of 1.0 GeV to 1.8 GeV. This change corresponds to one standard deviation as determined from a global 
tuning of the JETSET parameters to OPAL LEP 1 data H, and shifts e MC by (7± 1) x 10~ 4 . Using 
the acceptance hole emulation, however, the corresponding shift in e corr is only (0.8 ±1.1) x 10 -4 , 
which illustrates the effectiveness of the method. The variation of other fragmentation parameters 
yielded effects of similar size. The value of e corr calculated using the sample of HERWIG Monte 
Carlo events differs by (2.3 ± 2.0) x 10~ 4 compared to the reference value obtained using JETSET 
Monte Carlo events. We take this difference as the systematic error due to the residual sensitivity 
to hadronisation. A further uncertainty arises from the small inefficiency in the barrel region which 
is not addressed by the hole extrapolation. From similar Monte Carlo studies of the hadronisation 
dependence, i.e., variation of fragmentation parameters and comparison of models, the largest change 
in this inefficiency is found to be (2.2 db 0.5) x 10~ 4 , which is taken as an additional systematic error. 
The total direct hadronisation uncertainty is 3.2 x 10~ 4 . 

Limitations of the acceptance hole emulation procedure: The detector setup and response 
differs substantially between barrel and endcap, therefore the emulation of the endcap hole in the 
barrel is only approximate. As discussed above the selection cuts for the barrel hole are adjusted 
to match the exclusive inefficiency in the endcap hole. This scaling of the cuts changes g rCorr by 
1.5 x 10~ 4 which we take as a systematic error. Furthermore, the radius defining the edge of the 
ECAL acceptance in the hole emulation program was varied over the full size of an ECAL block, 
which leads to an additional uncertainty of 0.4 x 10~ 4 . 

Detector simulation in the barrel region: The acceptance hole emulation procedure relies on 
the quality of the barrel detector simulation for determining £^ c . Figure || shows distributions of the 
emulated variables used in the cuts for events close to the x-axis. There are small offsets between the 
data and Monte Carlo prediction for the energy and multiplicity distributions, although the shapes of 
the distributions are well simulated. Rescaling the Monte Carlo energy and multiplicity distributions 
in order to correct for these differences changes the value of e corr by 3.3 x 10~ 4 . Switching on and 
off the correction methods described in Section |6.3.2 , which are independent of assumptions about 
hadronisation, gives a consistent difference in e corr . We take this value as a correction and assign to 
it a 100 % uncertainty. 

In summary, the acceptance hole emulation leads to an efficiency correction of (5.5 db 4.8) x 10 -4 . 



6.3.2 Detector simulation uncertainties 

In addition to hadronisation uncertainties, which are reduced by the hole emulation study, the event 
selection efficiency also relies directly on the accuracy of the detector simulation for determining e MC . 
Since the main source of selection inefficiency occurs for events with jets close to the beam axis, the 
simulation of the detector response in the endcap region is more critical than that in the barrel region. 
The cut on E^/y/s causes the largest inefficiency and consequently the most important issue is the 
simulation of the energy response in the ECAL and the FD. 

The electromagnetic response of these calorimeters has been examined using lepton-pair events with 
an identified low-energy radiated photon. The measured photon energy is compared to the energy 
predicted from the momenta of the two leptons, assuming a three-particle final state. Checks are 
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made for global differences between data and Monte Carlo distributions and for local inhomogeneities. 
Most crucial for the e + e~ — > qq event selection inefficiency are the regions just inside the edges of the 
acceptance, at small angles to the beam axis. The stability of the energy response of the ECAL endcap 
inner rings has been found to be good and the simulation is accurate to the 5% level. This corresponds 
to an uncertainty of 2.0 x 10 -4 on the overall inefficiency. There are further small differences between 
the data and detector simulation for the remainder of the ECAL endcaps, leading to a further correction 
to the inefficiency of (2.0 ± 2.0) x 10 -4 . A similar check for the FD electromagnetic response shows 
good consistency between data and Monte Carlo simulation. The statistical precision of this check 
translates into an uncertainty of 2.0 x 10 -4 on the overall inefficiency. 

The studies described above provide verification of the ECAL response to electromagnetic show- 
ers. Also important is the ECAL response to hadrons. The energy spectra of single ECAL clusters 
associated with isolated tracks in hadronic events were studied in narrow bins of track momentum 
in both data and Monte Carlo simulation. The simulation did not reproduce the response spectra 
exactly, although the mean detector behaviour was modelled adequately. The barrel, endcap, and 
overlap regions of the ECAL were studied separately. In each momentum bin and detector region 
a correction function depending on energy was then constructed to adjust the detailed shape of the 
simulated calorimeter response to match that observed in the data. When this correction is applied 
in the Monte Carlo event simulation to all ECAL energy deposits which arise from charged or neutral 
hadrons (using the measured and true particle momentum, respectively), the overall selection effi- 
ciency shifts by (2.0 ± 2.0) x 10 -4 , which we take as a correction. The effect of the correction on the 
barrel ECAL response is used in deriving the hole emulation systematic uncertainty. Figure || shows 
the distribution of ECAL cluster energies for all tracks summed over all momenta from the data and 
from the Monte Carlo simulation before and after correction. The response of FD to hadrons plays a 
minor role for the selection since most hadronic showers remain below the threshold of 3 GeV required 
for a valid FD cluster. Therefore no additional uncertainty is assigned. 

Overall, general improvements in the Monte Carlo simulation and detailed studies of the calorime- 
ter response to electromagnetic and hadronic showers have reduced the direct detector simulation 
uncertainty, and result in an efficiency correction of (4.0 ± 4.0) x 10 -4 . 



6.3.3 Detector performance 



The OPAL trigger system [21] uses a large number of independent signals from a variety of detector 
components. This information is combined to form many different event selection criteria, any one 
of which is sufficient to trigger the OPAL detector to be read out. The relatively low beam-induced 
background conditions of LEP 1 permit the choice of very loose settings for these trigger conditions. 
In general, e + e~ — > qq events satisfy many independent trigger criteria. This redundancy allows the 
trigger inefficiency to be determined directly from the data. It is found to be less than 10 -5 . Each 
subsequent step in the data-recording chain, from data acquisition, through online reconstruction, to 
the final writing of the data samples into the offline storage facility, was investigated. Possible effects, 
such as incorrect logging of detector status, bookkeeping discrepancies at various stages or failures 
of the event reconstruction have been examined. Only one problem has been found: very rarely, 
individual events suffer from high electronic noise levels in the central tracking detector, which causes 
the track reconstruction to fail. These events are not classified as e + e~ — > qq candidates, which causes 
an inefficiency of about 0.8 x 10~ 4 . Both the short-term and long-term stability of each of the detector 
components used for the selection of e + e~ — > qq events have been examined, as have distributions of 
the cut variables themselves. Only one significant effect has been found: for the FD small offsets in 
the energy distribution of the 1995 data give rise to an additional inefficiency of (5 ± 3) x 10~ 4 . The 
stability of the selection was checked by using alternative selection criteria, each based on data from 
only a single detector component. No notable effect is seen. In total an uncertainty of 2 x 10 -4 is 
assigned due to irregularities in the detector performance during the 1993 and 1994 data-taking. 
For the 1995 data further studies were performed to search for possible effects on the e + e~ — > qq 



selection inefficiency due to the bunch-train mode of operation of LEP. As discussed in Section 2.1 the 
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bunch-train mode could potentially affect the CT reconstruction and the ECAL response. In order 
to check for such problems a tracking-independent selection has been developed, which is designed 
to overlap as much as possible with the standard selection. Within statistics no bunchlet-dependent 
effects are observed. The 3 x 10 -4 precision of the check is assigned as a systematic uncertainty. 
Together with the FD energy offset discussed above and the general 2 x 10~ 4 data-taking uncertainty, 
the overall detector performance error for 1995 is 4.7 x 10~ 4 . 



6.4 Background in the e+e — > qq channel 

The largest backgrounds to the e + e~ — * qq event selection arise from e + e~ — * t + t~ events and 
from two-photon interaction processes, e + e~ — ► e + e~qq. The background fraction from e + e~ — > t + t~ 
events is estimated to be 14.1 x 10 -4 using the KORALZ Monte Carlo event generator J31[ | . Detailed 
studies of variables sensitive to e + e~ — > r + r~ events indicate that the Monte Carlo simulation un- 
derestimates this background by 13%. Part of this underestimate is caused by deficiencies in the 
simulation of the conversion of radiated photons into electron-positron pairs. Taking this into account 
results in a corrected background estimate of (15.9 ± 2.0) x 10 -4 , where the assigned systematic error 
is based on the observed discrepancy. 

The background from two-photon interaction processes has been estimated directly from the data 
by making use of the characteristics of two-photon events. In general they have low visible en- 
ergy, E^/y/s, and large energy imbalance along the beam-axis, R^ rsy (see Figure ||). The cross- 
section for two-photon processes is proportional to log s and therefore the cross-section changes by 
less than 1 % in the energy range between peak— 2 and peak+2. Figure || shows, for the three en- 
ergy points, the cross-sections for low E^ / 'yfs (0.10-0.18) or high -R^aT^ (0.50-0.75) events versus 
the cross-section for events with high E^/y/s (> 0.18) and low R^ 87 (< 0.50). Most events 
from two-photon processes fall into the former category, whereas the latter is completely dominated 
by hadronic Z decays. The constant cross-section from non-resonant background sources, mainly 
two-photon events, is obtained from the intercept of a straight-line fit to these data, which yields 
0.051 ± 0.006 nb. The error is dominated by the data statistics available. 

This estimate is corrected for the small fraction, (7 ±5)%, of accepted two-photon events which 
fall outside the defined region of low E^/y/s or high R^ TSy using the Monte Carlo generators 
PHOJET [33] and HERWIG [27|, which simulate two-photon interactions. Furthermore, the estimate 



based on the data contains a small bias due to the larger fraction of events with high-energy initial-state 
radiation photons at the off-peak energy points. These events tend to have a high value of R^ T8y 
and therefore give a small contribution from signal events to the fitted non-resonant background. 
This bias is estimated using Monte Carlo simulation to be 0.004 ± 0.002 nb. Overall, the non-resonant 
background is 0.051 ± 0.007 nb, which amounts to (16.7 ± 2.3) x 10~ 4 at the peak energy point. 

The background from four-fermion processes other than two-photon interactions is evaluated using 



four-fermion event generators, FERMISV [36| for s-channel £ + £~ ff and PYTHIA |2j| for i-channcl 
e + e~ ff . Part of the i-channel four-fermion events are implicitly included in the two-photon subtrac- 
tion. Adding the residual fraction and the s-channel four-fermion events results in a small contami- 
nation at the 0.4 x 10 -4 level which is subtracted. 

Other background sources are even lower; contributions from e + e~ — > e + e~ and cosmic-ray induced 
events are estimated to be 0.2 x 10 -4 each. There is no indication of any backgrounds induced by 
beam interactions with the residual gas in the LEP vacuum or the wall of the beam pipe. 



7 Measurement of leptonic events 

The branching fraction of the Z boson to charged leptons is approximately 10%. Consequently the 
leptonic decays provide less information on mz and Tz than the hadronic decays of the Z. Since the 
Z bosons we observe at LEP are all produced through their coupling to electrons in the initial state, 
however, the measurement of the leptonic decay channels is of particular interest. By measuring the 
cross-sections for all visible Z decays, including electrons, the absolute branching fraction to invisible 
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final states can be determined. Assuming these states are exclusively neutrinos coupling to the Z 
according to the SM then allows the effective number of such light neutrino species to be determined. 

In contrast to the quarks in hadronic events, the charge of the leptons can be determined almost 
unambiguously, thereby allowing the forward-backward charge asymmetry, Afb, to be measured. 
Measurements of Ap^ determine the relative strengths of the vector and axial-vector couplings of 
the Z to each of the three charged lepton species, gvi/gAi- in the SM, this ratio is related to the 
weak mixing angle, sin 2 #w When combined with the £ + £~ cross-sections, which are proportional to 
9ye + 5Ai> the couplings g\£ and gyg are determined. In addition, comparisons among the partial Z 
decay widths to the three charged lepton species and the respective forward-backward asymmetries 
provide a precise test of the lepton universality of the neutral current. 



7.1 Introduction 

Leptonic decays of the Z boson, e + e~ — ► £ + £~ , result in low multiplicity events. The different leptonic 
species are distinguished from each other mainly using the sum of the track momenta, Ptotah and the 
energy deposited in the electromagnetic calorimeter, -Etotai- The total momentum is calculated as a 
scalar sum over the individual track momenta, Ptotai = SPtrack- Similarly the total energy is the 
sum of the energies of the individual clusters in the electromagnetic calorimeter, -Etotai = ^cluster- 
Figure shows the distribution of (ptotab -Etotai) for a small sample of Monte Carlo e + e~ — > £ + £~ 
events. The e + e~ — > e + e~ events have both .Etotai and Ptotai concentrated around the centre-of-mass 
energy, y^s. However, due to final-state and Bremsstrahlung photons the distribution of ptotai extends 
to lower values. The e + e~ — > fi + events are concentrated around Ptotai = \fs and have low values 
of -Etotai- Final-state radiation has the effect of producing a small tail of events at higher values of 
-Etotai and correspondingly lower values of Ptotai- Due to the undetected neutrinos from r decays in 
e + e~ — > t + t~ events the distributions of both -Etotai and ptotai are broad but well separated from the 
other leptonic decays of the Z, with only a few events with -Etotai or ptotai close to y^. Cuts on the 
global quantities -Etotai and Ptotai provide the basis for separating the different leptonic decay modes. 

Detailed descriptions of the selection criteria for the three different e + e~ — » £ + £~ categories are de- 
scribed in Sections [72-7^4 . The event selections use a series of cuts to reject background. The selections 



are exclusive, with no event allowed to be classified in more than one category. The largest backgrounds 
in the selected e + e~ — > e + e~ , fi + fi~ and t + t~ event samples arise from cross-contamination between 



the three lepton species. The treatment of four-fermion final states is discussed in Appendix A.l. 
Backgrounds from the processes, e + e~ — > qq, e + e~ — > e + e~£ + £~ , e + e~ — > 77 and cosmic ray events, 
are all relatively small. The background from e + e~ — > qq is rejected by cuts on the number of ob- 
served tracks and the number of clusters in the electromagnetic calorimeter. In two-photon processes, 
e + e~ — > e + e~£ + £~ , the scattering angles of the incident electron and positron tend to be close to the 
beam direction, beyond the experimental acceptance. This source of background is rejected by lower 
bounds on variables such as -Etotai or Ptotai- Background from cosmic rays is removed by requiring the 
event to originate from the e + e~ interaction region and to be in time with the e + e~ beam crossing. 



7.1.1 Corrections and systematic uncertainties 

Estimates of selection efficiencies and accepted background cross-sections are obtained from Monte 
Carlo samples generated at peak and off-peak centre-of-mass energies. These efficiencies are corrected 
to the s' acceptance specified in Section || and are also corrected to account for interference between 
initial- and final-state radiation diagrams (see Appendix |A.2j ). Data and Monte Carlo distributions 
are compared to assess the quality of the simulation for each cut used in the event selection and where 
necessary, corrections are derived. Depending on the exact nature of the systematic check, a single 
correction factor is often adequate to describe all 1993-1995 data. Otherwise, where the effect under 
consideration is related to the performance of the detector, independent corrections are determined for 
each year. Similarly, when the effect depends on the centre-of-mass energy, different corrections are 
derived for each of the different centre-of-mass energy points. The derived corrections greatly reduce 



21 



the dependence on the accuracy of the Monte Carlo simulation. 

There are two important sources of detector-related systematic uncertainty which affect each of the 
three lepton channels. The largest potential source of systematic bias arises from imperfect simulation 
of the detector response to charged particles whose paths lie near one of the wire planes of the jet 
chamber. The wire planes, which create the drift field, are situated at 7.5° intervals in azimuth around 
the chamber, alternating between the anode and cathode planes which form the 24 sectors of the jet 
chamber. The reconstruction of tracks within ±0.5° of an anode wire plane can be problematic due 
to field distortions. This does not cause problems for low momentum tracks, which bend significantly 
in the axial magnetic field, since only a small fraction of the trajectory will be close to a wire plane. 
For high momentum particles with relatively straight trajectories, such as muons and electrons from 
e + e~ — * £ + £~ , a serious degradation of track quality can occur in a small fraction of the events where 
most of the track lies near an anode wire plane. This can result in a degraded momentum measurement, 
single tracks being reconstructed as two tracks (split across a wire plane) or, in the worst instance, 
failure to reconstruct the track at all, resulting in 'lost' tracks. Field distortions close to the wire planes 
are simulated in the Monte Carlo but the numbers of tracks affected is significantly underestimated. 
These effects are particularly important in the selection of e + e~ — > /i + . Events where the measured 
momentum of one of the muons is anomalously low, due to wire plane effects, result in the Monte 
Carlo prediction of 0.3% for the selection inefficiency being under-estimated by approximately 0.4% 
compared to the true value. Significant corrections to the Monte Carlo selection efficiencies, relating to 
these tracking problems, are therefore obtained from the data. Since e + e~ — > events measured 

to have anomalously low total momenta are classified as e + e~ — > t + t~, the uncertainties in these 
corrections lead to anti-correlated errors in the /U + /U~ and t + t~ selections. Details are given in 
Sections 7.3.2 and 7.5 . 

The measurement of energy in the electromagnetic calorimeter plays the primary role in the se- 
lection of e + e~ — > e + e~ events and in discriminating them from e + e~ — > t + t~. An uncertainty 
in the energy scale or in the response of the ECAL can therefore introduce correlated uncertain- 
ties in the e + e~ and r + r _ cross-section measurements. The Monte Carlo simulation underestimates 
the fraction of e + e~ events which fail the selection due to imperfect Monte Carlo modelling of the 
response of the electromagnetic calorimeter near the mechanical boundaries between calorimeter mod- 
ules, at (j> = ±90° and | cos# | = 0.22 and 0.60. In addition, there is an unsimulated problem in the 
electronic gain calibration for two out of the 9440 barrel lead glass blocks for the 1994 and 1995 data 
samples. As a result the Monte Carlo estimates of the e + e~ — > e + e~ selection efficiency need to be 
corrected by 0.1 — 0.2%. Details are given in Sections 7.2.5 and 7.5. 



7.1.2 Trigger efficiency for e+e — *■ £ + £ events 

Low multiplicity events from e + e~ — * £ + £~ produce relatively few energy deposits in the detector. As 
a result, there is the potential that events are lost due to trigger inefficiency. The trigger efficiency for 
e + e~ — ► £ + £~ events is determined using independent sets of trigger signals [^] from the electromag- 
netic calorimeters, from the tracking chambers, from the muon chambers and from the time-of-flight 
counters. The efficiencies are determined in bins of polar and azimuthal angle and then combined into 
an overall efficiency. When averaged over the three years of data analysed here, the trigger efficiencies 
for the e+e" -» e+e", fi+fT and r+r" selections are (> 99.99)%, (99.96 ± 0.01)% and (99.98 ± 0.01)% 



respectively. The online event filter [ 22 1 is found to be 100% efficient for e + e — > £ + £ events and no 
systematic error is assigned. 



7.2 Selection of e+e — ► e+e events 

The selection of e + e~ — > e + e~ events is accomplished with high efficiency and purity by requiring 
low-multiplicity events with large total electromagnetic energy and by requiring at least two electron^] 

4 Throughout this section the word "electron" should be understood to imply "electron or positron". Where a dis- 
tinction is required, the symbols e~ and e + are used. 
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candidates. In order to maintain high efficiency, an electron is identified simply as a high energy deposit 
in the electromagnetic calorimeter which is associated with a track in the central detector. The main 
experimental systematic uncertainties are from the energy response of the calorimeter, the edge of 
the polar angle acceptance, the track reconstruction quality and the background from e + e~ — > t + t~ 
events. 



7.2.1 t-channel contribution to e+e — ► e+e 

The analysis of s-channel Z decays into e + e~ pairs is complicated by indistinguishable contributions 
from t-channel scattering processes, and interference between s- and t-channels. The t-channel ampli- 
tude is non-resonant and is dominated by photon-exchange. These contributions are accounted for 
when fitting the e + e~ — > e + e~ data (see Appendix [B]), but statistical and systematic uncertainties 
on the magnitude of the t-channel contribution result in an overall reduction of the sensitivity of the 
e + e~ — ► e + e~ analysis to the Z properties. The relative size of the t-channel amplitude depends on the 
scattering angle (polar angle) of the electron, 9 e ~, and becomes the major component at high values 
of cos e - . In order to enhance the s-channel component of the selected data sample, a cut is made, for 
the e + e~ — > e + e~ analysis only, constraining the polar angle to lie well within the barrel region of the 



detector (| cos# e -| < 0.70, see Section 7.2.2). The relative size of the t-channel component is larger for 
the off-peak data samples than the ~ 15% it represents on-peak, due to the reduction of the s-channel 
contribution from the Z resonance. This results in small differences in efficiencies, backgrounds and 
systematic uncertainties amongst the e + e~ — > e + e~ data samples at different energy points. Because 
of the t-channel diagram the differential cross-section rises steeply in the forward direction, resulting 
in an increased sensitivity to the precise definition of the edge of the acceptance in cos 6, 
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7.2.2 Selection criteria for e+e — ► e+e 

The selection criteria for e + e~ — * e + e~ events make use of information from the electromagnetic 
calorimeter and the central tracking detectors by requiring: 

• Low multiplicity: 

2 < iV track < 8 and 2 < N dustcr < 8, 
where Arrack is the number of tracks and iV c i us ter is the number of clusters. 

• High energy clusters: 

The energies of the highest energy, E\, and second highest energy, E 2 , clusters must satisfy 

Ei > 0.2 yfi and E 2 > 0.1 y/s. 

• Total electromagnetic energy: 

-Etotal = E-Ecluster > 0.80^/i. 

• Two electrons: 

At least two of the three highest energy clusters of energy above 2 GeV must be associated with 
a track, which is required to point to the cluster position to within A(f> < 5° in azimuth and to 
within A# < 10° in polar angle. These clusters are identified as electron candidates. 

• Geometrical and kinematic acceptance: 

I cos# e -| < 0.70 and (9 aco i < 10°, 

where # aco i is the acollinearity angle of the e + e~ pair, defined as 180° — a, where a is the opening 
angle between the directions of the two tracks. 

These criteria select 96 669 events from the 1993-1995 data sample. The efficiency and background 
are first estimated using a sample of Monte Carlo events. Corrections to these estimates are obtained 
by studying the data. The correction factors and their associated systematic errors are summarised 
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Ill Table | for the seven data samples recorded during 1993-1995 at the three energy points. The 
systematic errors for the seven data samples are strongly correlated, as shown in Table 18. The main 
corrections and systematic uncertainties are described below. 



7.2.3 Selection efficiency for e+e — > e+e 

The Monte Carlo prediction for the e + e~ — > e + e~ selection efficiency within the geometrical acceptance 
of | cos 9 e - | < 0.70 is (99.44 ±0.02)% for peak data. The main corrections to this efficiency and related 
systematic errors are described below. 

Electromagnetic energy cuts: The main effect of the cut on E totSL \ > 0.8y/s, shown in Figure |8](a), 
is to remove background from e + e~ -^t + t~. From the Monte Carlo simulation only 11 x 10 -4 
of e + e~ — > e + e~ events are rejected by this cut. There is a discrepancy between data and Monte 
Carlo in the vicinity of the cut, due to imperfect Monte Carlo modelling of the electromagnetic 
calorimeter response near the mechanical boundaries between calorimeter modules and a problem 
with the electronic gain calibration for two lead glass blocks in 1994 and 1995. These two effects 
introduce additional inefficiencies for the data, estimated to be (9 ± 10) x 10 -4 , (22 ± 7) x 10 -4 and 
(17 ± 8) x 10 -4 for 1993, 1994 and 1995, respectively. These efficiency corrections are obtained from a 
detailed study of events which fail only the cut on electromagnetic energy. For these events, the acopla- 
narity, acO p = \\<f> e - ~~ 4>e+ \ ~ 180° |, and the sum of the track momenta, ptotab are used to discrimi- 
nate e + e~ — ► e + e~ events from the dominant e + e~ — > t + t~ background. The distribution of </> ac0 p for 
events which fail only the cut on electromagnetic energy is shown in Figure ||(b) . The ^ a cop distribution 
for e + e~ — > e + e~ events is strongly peaked at 0°. The distribution for e + e~ — * t + t~ events is broader 
due to the momentum transverse to the tracks which is carried away by the unobserved neutrinos from 
the r decays. The excess of data events compared to Monte Carlo near </>acop — 0° indicates that the 
excess of events in the region of the cut arises from e + e~ — > e + e~. This interpretation is corroborated 
by the distribution of Ptotal/ y/s for events in the region of small (/> acop , shown in Figure ||(c), where the 
excess of data over Monte Carlo events is clustered near Ptotai/v^ = 1-0- The efficiency corrections 
are derived from the distributions of </>acop 

and Ptotal in the region 0.6-y/s < Etotal < 0.8^. 

Electron identification: Electron candidates are defined as electromagnetic clusters of energy 
greater than 2 GeV which are associated with a track. An electron can fail these requirements if 
the track associated with the cluster is of very low momentum, due to hard bremsstrahlung in the 
material in front of the tracking detectors. It can also fail due to the emission of a hard final state 
photon or if, due to poor track reconstruction, the track fails the geometrical matching conditions or 
the track quality requirements. 

The inefficiency arising from the demand for at least two electron candidates is estimated from 
Monte Carlo simulation to be (39 ±2) X 10 -4 for e + e~ — > e + e~. The inefficiency in the data is assessed 
from a sample of events where only one electron candidate is found. This control sample is obtained 
by assuming the electrons in the event correspond to the two highest energy clusters, only one of which 
is identified as an electron candidate on the basis of the tracking requirements. The background from 
the non-resonant QED process e + e~ — * 77 where one of the photons has converted to an e + e~ pair is 
reduced by removing events where two tracks are associated to the same cluster. Within this sample 
there are more events in the data than the Monte Carlo predicts. The excess is concentrated in the 
regions of (f> near the wire planes of the jet chamber. In this region the polar angle resolution for 
reconstructed tracks can be degraded sufficiently such that the track no longer points to the cluster. 
The excess of data over the Monte Carlo prediction is used to evaluate a correction to the Monte Carlo 
estimate for these inefficiencies. The size of the correction differs for each year of data-taking. For 
example in the 1994 data an efficiency correction of (26 ± 5) x 10 -4 is derived. 

Acceptance definition: The geometrical and kinematic acceptance for e + e~ — * e + e~ events is de- 
fined by cuts on | cos# e -| and on # aco i, shown in Figure H The polar angle cut is made with respect 
to 9 e - , the direction of the negatively charged lepton as measured in the electromagnetic calorimeter. 
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This is determined from an energy-weighted average of the positions of the lead glass blocks which 
form the cluster, which is then corrected for biases caused by showering in the material in front of 
the calorimeter. The existence of any systematic offset between the reconstructed cluster position and 
the actual trajectory of the electron was studied by measuring the displacement between well mea- 
sured electron tracks and their associated clusters near the critical cos 6 boundaries. These studies 
indicated that the effective edge of the acceptance is offset symmetrically from the nominal cut value 
towards cos# e - = by 0.0004 ± 0.0006 at cos# e - = ±0.70. Consistent displacements were obtained in 
both the data and Monte Carlo simulation. The central value of the offset is obtained from the high- 
statistics Monte Carlo samples and the uncertainty is taken as the statistical precision of the study 
based on data. For the peak data the uncertainty in the location of the cos# e - = ±0.70 boundary 
results in an uncertainty of ±9 x 10 -4 in the measured cross-section. 



Further corrections and uncertainties: The inefficiency arising from the multiplicity cuts is 
estimated to be (1±1) x 10 -4 . This estimate is obtained from the simulation and checked by examining 
the electromagnetic calorimeter energy distribution for the events which fail only the multiplicity cuts. 
The trigger inefficiency is determined to be less than 5 x 10 -5 and no correction is applied. Corrections 
related to four-fermion events, determined as described in Appendix A.l , are negligible and a 2 x 10 -4 
uncertainty is assigned. 



7.2.4 Background in the e+e — > e+e channel 

The expected background in the peak data samples is (34 ± 6) x 10 -4 , dominated by e + e~ — ► t + t~. 
The energy-dependence of the e + e~ — ► e + e~ cross-section is different from the other s-channel fermion- 
pair production processes due to the t-channel photon exchange contributions. Consequently the 
background fraction is dependent on centre-of-mass energy. 

Background from e+e — — >■ t+t — : The Monte Carlo estimate of this background for the peak 
energy point is (32 ± 1) x 10 -4 . The majority of the e + e" — > t + t~ background is rejected by the cut 
-^totai > 0.8-i/s, shown in Figure §(a). The distribution of E tota \/y/s is well reproduced by the Monte 
Carlo simulation in the region dominated by the e + e~ — > t + t~ background, £total < 0.70-^/s- To 
investigate the level of the background within the e + e~ — > e + e~ sample, events just above the energy 
cut are selected, 0.8 < E tot& \/yfs < 0.9. For these events the data and Monte Carlo distributions 
of Ptotai and <^>acop are again used to distinguish e + e — ► e + e events from e + e — > t + t . The Monte 
Carlo estimate of the e + e~ — > r + r _ background has been found to be consistent with the observations 
from the data, to within the statistical errors of the comparisons made. The systematic uncertainty 
on the e + e~ — ► t + t~ background for the peak energy point is estimated to be 6 x 10~ 4 . 

Other backgrounds: The energy deposits in the electromagnetic calorimeter from e + e~ — > 77 events 
are similar to those from e + e~ — ► e + e~ events. However, for e + e~ — > 77 events to pass the electron 
identification requirements the two electromagnetic calorimeter clusters both must have associated 
tracks. The probability that both the photons convert is about 1% and the e + e~ — * 77 cross-section 
is relatively small. Consequently, the background fraction in the e + e~ — > e + e~ sample is small 
( ~ 1 x 10 -4 ). The background from hadronic events is estimated to be about the same size. A 100% 
relative uncertainty is assigned to the background from hadronic events and to that from e + e~ — ► 77 
events. Backgrounds from two-photon interaction processes, e + e~ — > e + e~ff, and from cosmic ray 
events are less than 1 x 10~ 4 . No correction is applied, and this estimate is taken as a systematic 
error. 



7.3 Selection of e + e — > events 

Of the three e + e~ — > t^t' channels, the final state provides the cleanest environment for 

precise measurements of the £ + £~ cross-sections and asymmetries. The channel does not suffer 

from the theoretical uncertainties associated with i-channel corrections in the e + e~ final state nor 
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the systematic uncertainties arising from the less well defined experimental signature of the t + t~ 
final state. However, of the three lepton channels, [x^ [i~ events are the most sensitive to systematic 
uncertainties arising from track reconstruction. The e + e~ — > events are separated from other 

Z decays and background processes by requiring exactly two tracks to be reconstructed in the central 
detector both of which are identified as muons. The cross-sections are measured within the phase 
space region defined by WjL/s > 0.01. The selection criteria are summarised below. 

7.3.1 Selection criteria for e+e — — >■ 

The selection criteria for e + e~ — * [i~ events are: 

• Two tracks: 

Exactly two tracks are required each of which satisfies 

Ptrack > 6 GeV, | cos# | < 0.95, 

where ptrack is the track momentum and 9 is the reconstructed polar angle. Tracks identified as 
coming from photon conversions are not counted. 

• Azimuthal separation: 

The azimuthal angular separation between the two tracks must satisfy cos(A0) < 0.95, i.e. 
A(f> > 18°, to avoid difficulties in the muon identification of two closely separated tracks. 

• Muon identification: 

Both tracks must satisfy at least one of the following three muon identification criteria: 

(a) At least two muon chamber hits are associated with the track. 

(b) At least four hadronic calorimeter strips are associated with the track. The average num- 
ber of strips in layers containing hits has to be less than two, in order to reject hadronic showers. 
For | cos 8 | < 0.65, where tracks traverse all nine layers of strips in the barrel calorimeter, at 
least one hit in the last three layers of strips is required. 

(c) The track has Ptrack > 15 GeV and the sum of the energy deposited in the electromagnetic 
calorimeter within a cone of half-angle 63 mrad about the track is less than 3 GeV. 

• Visible energy: 

Backgrounds from e + e~ — > t + t~ and two-photon interaction events are reduced by requiring 
< s >0.6^, 

where the visible energy, E^ is , is the scalar sum of the two track momenta and the energy of the 
highest energy cluster found in the electromagnetic calorimeter. 

• Despite the fact that the OPAL detector is situated in a cavern 100 m underground there is 
still a large flux of cosmic ray particles. The majority of these are muons which traverse the 
detector volume. Those which happen to pass close to the beam interaction point and which are 
synchronous with a bunch crossing can resemble e + e~ — > [i + [x~ events. Cosmic ray background 
is rejected by requiring that the selected events originate from the average e + e~ interaction point 
and are coincident in time with the beam crossing. 

These criteria select 128 682 events which enter the cross-section analysis from the 1993-1995 data 
sample. Control samples from the data are used to check and, where necessary, correct the Monte 
Carlo estimates. The dominant corrections are due to tracking losses and the residual background from 
e + e~ — > t + t~ events. The resulting correction factors and their systematic errors are summarised in 
Table § for the seven data samples recorded during 1993-1995 at the three energy points. The 
systematic errors of the seven data samples are strongly correlated as shown in Table [l^. Unless 
otherwise specified, the illustrative errors quoted in the following text refer to the 1994 sample. 



26 



7.3.2 Selection efficiency for e+e — >■ 

The Monte Carlo prediction for the e + e~ — ► selection efficiency is (91.34 ± 0.05)%. This 

corresponds to a selection efficiency of (98.40 ± 0.03)% within the geometric acceptance of | cos# M -| < 
0.95. Small corrections are then applied to account for the Monte Carlo events generated below the 
ideal kinematic acceptance limit of mj^/s > 0.01, and for interference between photons radiated in 



the initial and final states, as described in Appendix A. 2. Using the 1994 data as an example, the 
selection efficiency from the Monte Carlo simulation is then corrected by (—76 ± 8) x 10~ 4 through 
comparisons with the data. The main efficiency corrections and systematic errors are described below. 

Tracking losses: The selection of e + e~ — > events relies heavily on track reconstruction in the 

central detector, which is required to measure E^- and to associate tracks with activity in the outer 
detectors used for muon identification. As discussed in Section |7.1,1| , of particular concern are tracks 
whose paths lie within ±0.5° of an anode wire plane of the jet chamber. Figure |io|(a) shows the 
distribution of E^ is for events passing all other selection cuts. There is a clear discrepancy between 
data and Monte Carlo. The origin of this discrepancy is the imperfect Monte Carlo simulation of 
tracking in the region close to the jet chamber wire planes. The discrepancy becomes more apparent 
in Figure |i~0|(b) which shows the corresponding E^ ig distribution for tracks within 0.5° of the anode 
wire planes. 

The wire plane effect was investigated using an alternative e + e" — ► selection procedure. This 

selection is independent of the central detector, relying instead on back-to-back signals in the muon 
chambers (within 30 mrad) and electromagnetic calorimeters (within 50 mrad). By using relatively 
tight cuts on the acollinearity measured in the outer detectors the background from e + e~ —* t + t~ 
events is strongly suppressed. This is mainly due to the greater deflection in the magnetic field 
experienced by the lower momentum charged particles from r decays. Background is suppressed further 
by requiring at least one identified muon in the event. The efficiency of the tracking-independent 
selection is approximately 79%. 

The events which are selected by the tracking-independent selection but fail the default 
selection are concentrated in regions where one of the muons passes near a jet-chamber wire plane. 
The numbers of "lost" e + e~ — ► [J. + n~ events, selected by these cuts, are corrected for the inefficiency 
of the tracking-independent selection. The corrected numbers are compared between data and Monte 
Carlo simulation in bins of cos 9 for each year of data taking. There is an excess of lost events in the 
data, indicating that the Monte Carlo estimate of 30 x 10~ 4 for the inefficiency due to tracking problems 
is too low. The difference is (42 ± 4) x 10 -4 for the 1994 data. The uncertainties are the combined 
statistical errors of the data and Monte Carlo control samples. The correction factors obtained in this 
manner are applied to the Monte Carlo inefficiency estimates. 

Track multiplicity cuts: In addition to the tracking losses discussed above, 0.5% of e + e~ — ► 
events are rejected by the requirement of exactly two tracks due to additional tracks from converted 
final-state photons which have failed to be classified as such, or if a track is poorly reconstructed and 
split into two tracks. A correction to the Monte Carlo prediction for the inefficiency due to this cut is 
made on the basis of a visual scan of both data and Monte Carlo events containing three, four or five 
tracks, but which otherwise pass the e + e _ — ► selection. The resulting corrections, typically less 

than 10~ 3 , are listed in Table ||, with the errors reflecting the data and Monte Carlo statistics and the 
uncertainty of the scanning procedure. 

Muon identification: Both tracks in a selected e + e~ — > event are required to be identified as 

muons using data from at least one of three independent detector subsystems; the muon chambers, 
the hadronic calorimeter and the electromagnetic calorimeter. The Monte Carlo estimate of the inef- 
ficiency introduced by the muon identification requirement is (79 ±5) x 10 -4 . Most of this inefficiency 
occurs in geometrical regions where either the muon chamber coverage or the hadronic calorimeter 
coverage are incomplete. In particular, for one sixth of the total azimuth in the polar angle range 
0.65 < | cos 6 | < 0.85 these gaps overlap due to support structures, leaving coverage only from the 
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electromagnetic calorimeter. For collinear e + e~ — > fi + fjT events there is a high degree of correlation 
between the muon identification inefficiencies of the two tracks due to the symmetry of the detectors. 

The redundancy of the three muon identification requirements is used to determine the single 
track muon identification efficiency in bins of azimuthal and polar angle. For each muon identification 
criterion, the muon identification criteria from the other two outer detectors are used to define a 
control sample of tagged muons. The single track efficiencies, determined in bins of (cos 9, </>), are used 
to calculate overall muon identification inefficiencies for e + e~ — * fi + [x~ events accounting for expected 
angular distributions. The total inefficiency determined in this way is compared between data and 
Monte Carlo prediction separately for each year of data. There is good agreement for the 1993 and 
1995 data, and no correction is applied. For the 1994 data, it is found that the inefficiency from the 
corresponding Monte Carlo sample needs to be corrected by (15 ± 4) x 10 -4 where the errors reflect 
the statistical power of the checks. The correction arises due to inadequate simulation of the response 
of the hadron calorimeter in the Monte Carlo sample used to simulate data from the 1994 operation 
of the OPAL detector. 

Acceptance definition: Both muon tracks are required to lie within the geometrical acceptance 
| cos 9 | < 0.95. The measurement of cos# in this region therefore affects the overall event selection 
inefficiency and any discrepancy between data and Monte Carlo simulation must be corrected. A 
1 mrad bias in angle at | cos# | = 0.95 corresponds to a bias in the acceptance of 5 x 10~ 4 . 

For muon tracks there are generally three separate detector components which can be used to 
measure cos 9; the track reconstructed in the central detector, the energy cluster in the electromagnetic 
calorimeter and the track found in the muon chambers. For muons close to | cos 9 \ = 0.95 the end-cap 
muon chambers have the best polar angle resolution, approximately 1 mrad, and this measurement 
is used when available, otherwise the angle from the reconstructed central detector track is used 
(about 10% of cases). The changes to the numbers of e + e~ — * /i + ' [x~ events selected when using 
alternative measurements of the polar angle are investigated and compared between data and Monte 
Carlo simulated events, separately for each year of data. Based on the scatter of these comparisons 
a systematic error of 10 x 10~ 4 is assigned for the 1993 data sample, and 5 x 10~ 4 for the 1994 and 
1995 data samples. 

Further efficiency corrections: The trigger inefficiency for e + e~ — ► n + \i~ events is estimated to 
be (6 ± 2) x 10~ 4 , (5 ± 2) x 10~ 4 and (2 ± 2) x 10" 4 for the 1993, 1994 and 1995 data, respectively. 
Corrections to the selection efficiency related to four-fermion events are determined as described in 



Appendix [A,l| . Finally, the inefficiency associated with the cosmic ray veto is found to be less than 
1 x 10~ 4 . 



7.3.3 Background in the e+e — > channel 

The background in the e + e _ — > event selection is approximately 1%, dominated by misclassified 

e + e~ — ► t + t~ events. The backgrounds from two-photon interaction processes, such as e + e~ — > 
e + e - /U + /i - , and from events induced by the passage of cosmic ray muons through the detector are 
small. The Monte Carlo background estimates are corrected for discrepancies between simulated 
and real data. These corrections are described below and the resulting background estimates are 
summarised in Table [| 

e+e - — >■ t~^~t~ background: The lifetime of the r lepton is sufficiently short that only the de- 
cay products of the r are registered in the detector. For e + e~ — > t + t~ events to be selected as 
e + e~ — > fi + n~ both tau decays must result in an identified muon and the visible energy requirement 
must be satisfied, E^ is > 0.6 y/s. Approximately 17% of r leptons decay into a muon and neutrinos, 
consequently about 3% of e + e~ — > t + t~ events result in a visible fi + yT final state. In addition, other 
decays of the r to single charged particles, in particular r — > ttv, can be misidentified as muons. 

Two control samples are selected from the data to check the simulation of the t + t~ background. 
The first is sensitive to problems with the visible energy distribution and the second is sensitive to 
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possible problems with muon identification. For the first control sample the E^ is cut in the 
selection is relaxed to E^ is > 0.5-^/5 and the low visible energy region considered, E^ is < 0.8-y/i. 
Events with tracks within 0.5° in azimuth of a wire plane are rejected to remove poorly measured 
e + e~ —* fi + n~ events. The t + t~ background is further enhanced by rejecting events, predominantly 
, which have low acoplanarity < 20 mrad. A loose cut is also made to eliminate events with high 
energy radiated photons by requiring the acollinearity to be less than 150 mrad. This selected control 
sample is predicted by Monte Carlo simulation to be made up of approximately 97% e + e~ — > t + t~ 
events with the remainder being e + e~ — ► fjir events. The data are in good agreement with the 
Monte Carlo prediction. 

A second, higher statistics control sample is selected by relaxing the E^ is requirement of the 
e + e~ — > /i + /U~ selection to 0.5 < E^ is < 0.8, and requiring exactly one of the tracks to be identified as 
a muon. Approximately 99.2% of Monte Carlo generated events selected in this way are e + e~ — > t + t~ 
events, in the majority of which one r decays to a muon and the other r decays to a single charged 
particle which is not a muon. From the 1993 and 1995 samples there is good agreement between the 
numbers of events selected in the data and the Monte Carlo expectation. In the 1994 samples an 
excess of about 4% of Monte Carlo over data events is observed. On the basis of these two studies the 
Monte Carlo prediction for the e + e~ — > r + r~ background of 1.00% for the 1994 e + e~ — > fJ> + /J.~ data 
sample is corrected to (0.97 ± 0.04)%. No corrections are made for the 1993 or 1995 samples, and a 
systematic uncertainty of 2 x 10 -4 is assigned. 

Other background: Most events from the two-photon process e + e~ — ► e + e~ fi + fi~ are rejected by 
the cut on visible energy, E^ is > 0.6 y^. The Monte Carlo predicts the remaining background to be 
approximately 0.05% on-peak and 0.1% off-peak, at which energies the resonant Z production is less 
dominant. The two-photon background is evaluated separately for each year and systematic errors 
of 1 x 10~ 4 are assigned to these calculations. The backgrounds from cosmic ray events, estimated 
from time-of-flight and vertex information, were (2 ± 2) x 10~ 4 in 1993 and 1994 and (3 ± 2) x 10~ 4 
in 1995. 

7.4 Selection of e + e _ — ► t + t~ events 

Tau leptons produced in the process e + e _ — > t + t~ decay before entering the sensitive volume of the 
detector. The branching ratio for the decay r~ — » t~v T Vi is about 35%, and the resulting electron or 
muon has, in general, less momentum than a directly produced fermion from Z — > £ + £~ due to the 
two associated neutrinos. In r decays to hadrons the associated single neutrino also reduces the total 
visible energy of the final state. The r-decay branching ratio to three or more charged hadrons is about 
15%, and electrons from the conversion of photons from 7r° decays further increase the average charged 
multiplicity of the final state. The experimental signature for e + e~ — > t + t~ events is therefore less 
well defined than that for either e + e~ — > e + e~ or e + e~ — ► /x + pT events. Consequently, the cuts used 
to select e + e~ — > t + t~ events are relatively involved. 

7.4.1 Selection criteria for e+e - — ► t+t - 

The selection criteria used to identify e + e~ — ► r + r~ events remain unchanged with respect to our 
previous publications where a more detailed description is provided |7|-|9| . The selection is summarised 
below: 

• Multiplicity cuts, shown in Figures |ll|(a) and |ll|(b), to reject hadronic Z decays: 

2 < Arrack < 6 and Arrack + ^cluster < 15. 

• e + e~ — > t + t~ event topology: 

Events are reconstructed using a cone jet-finding algorithm jj with a cone half-angle of 
35°. The sum of the electromagnetic calorimeter energy and scalar sum of track momenta in 
each cone has to be more than 1% of the beam energy. Exactly two cones containing tracks are 



29 



required, not counting cones which contain only tracks associated with photon conversions. The 
direction of each r candidate is taken to be the total momentum vector reconstructed from the 
tracks and electromagnetic clusters in its cone. 

e + e~ — ► t + t~ event acollinearity: 
#acol < 15° 

where the acollinearity angle, # a coi> is 180° minus the angle between the directions of the two 
r candidates. 

Geometrical acceptance: 
| cos# r | < 0.9. 

where 9 T is the polar angle of the event axis, defined using the vectorial difference between the 
momenta of the two r candidates. 

Rejection of e + e~ — > fJ, + fJ.~ events: 



Events selected as e + e — ► fi + fi by the criteria described in Section |7.3.1] are rejected. 

• Rejection of e + e~ — * e + e~ events: 

-^totai = J2 -^cluster < 0.8-^/s, shown in Figure |n](c). For the region |cos# r | > 0.7, where 
there is additional material in front of the electromagnetic calorimeter, it is also required that: 

E; is < 1.05V* or E total < 0.25Vi, (for | cos# r | > 0.7), 

where E^ 1S is the total visible energy, E^ is = E totaX + p t otai- 

• Rejection of non-resonant e + e~ — ► e + e~£ + £~ events, see Figure |il~l(d): 

e;. 1s > o.is^i. 

• Cosmic ray background is rejected by requiring that the selected events originate from the 
average e + e~ interaction point and are coincident in time with the beam crossing. 

These criteria select 107 340 events from the 1993-1995 data sample. The selection efficiency and 
background contributions from processes other than e + e" — * t + t~ are estimated using Monte Carlo 
events. These efficiencies and backgrounds are corrected for the observed differences between data 
and Monte Carlo. The corrections and systematic errors are summarised in Table and are described 
below. The systematic errors of the seven data samples are strongly correlated, as shown in Table [H]. 
Unless otherwise specified, the numbers quoted in the text correspond to the 1994 data. 

7.4.2 Selection efficiency for e+e - — ► t+t~ 

The Monte Carlo prediction for the e + e~ — * t + t~ selection efficiency is (75.18 ± 0.07)%. This 
corresponds to a selection efficiency of (87.70 ± 0.05)% within the geometric acceptance of | cos# T | < 
0.90. Small corrections are then applied to account for the Monte Carlo events generated below the 
ideal kinematic acceptance limit of m^/s > 0.01, and for interference between photons radiated in 



the initial and final states, as described in Appendix [A. 2 and listed in Table 0. Within the angular 



acceptance, the largest source of inefficiency arises from the cuts used to reject background from 
e + e~ — * e + e~. To estimate the efficiency for data, the inefficiency introduced by each cut exclusively 
is first estimated from the Monte Carlo simulation. These estimates are corrected by comparing the 
data and Monte Carlo. The decomposition into exclusive inefficiencies is appropriate since only 0.6% 
of events fail more than one of the classes of selection cuts. Using the 1994 data as an example, 
the selection efficiency from the Monte Carlo simulation is corrected by (—1.30 ± 0.28)% to give an 
estimated selection efficiency of (73.88 ± 0.29)%. Details of the main corrections to the efficiency and 
the main sources of systematic uncertainty are given below. 



30 



Multiplicity cuts: The multiplicity requirements exclusively reject (1.32 ± 0.02)% of Monte Carlo 
e + e~ — ► t + t~ events. However, a number of effects which can influence multiplicity are not perfectly 
modelled, such as the simulation of the material of the detector which affects the rate of photon 
conversions and the two-track resolution. To assess the effect using the data, the multiplicity cuts 
are removed from the e + e~ — ► t + t~ selection yielding a sample dominated by e + e~ — ► t + t~ and 
e + e~ — ► qq. In this sample, e + e~ — * t + t~ events are identified by requiring that one of the two r cones 
is consistent with being ar-> IIVuVt decay. This requirement removes essentially all e + e~ — * qq events. 
Backgrounds from e + e~ — > and e + e~ — ► e + e~ fj, + /j,~ are rejected using cuts on acoplanarity and 

momentum. In this way a sample of e + e~ — ► t + t~ events is isolated using only the multiplicity 
information from a single r cone. The other r cone is used to provide an unbiased estimator for the 
multiplicity distribution for a single r cone. By convolving this measured single cone multiplicity 
distribution with itself, the e + e~ — > t + t~ multiplicity distribution is estimated using data alone. The 
convolution is performed in two dimensions, track and total multiplicity. The multiplicity cuts are 
applied to the convolved distribution to determine the exclusive inefficiency of (1.69 db 0.11)% for the 
1994 data sample^. The validity of the procedure is verified using different Monte Carlo samples. 

Acollinearity and cone cuts: The acollinearity cut and the requirement that there be exactly 
two charged r cones in the event reject (3.29 ± 0.03)% of Monte Carlo e + e~ — ► t + t~ events. These 
cuts reject background from e + e~ — > e + e~ and e + e~ — > qq. To study the effect of these cuts, the 
acollinearity and cone requirements are replaced by cuts using particle identification information such 
as dE/dx. Relatively hard cuts are necessary to be able to study the acollinearity distribution for 
e + e~ — > t + t~ events since, in the region of the cut, the background from e + e~ — ► e + e~ domi- 
nates. Figure [T^(a) shows the acollinearity distribution for this alternative selection which has an 
efficiency for e + e~ — > t + t~ of approximately 33% but has little background (less than 0.5%). For 
Monte Carlo e + e~ — > t + t~ events it is verified that the alternative selection does not significantly 
bias the acollinearity distribution. In the region # aco i < 15° the good agreement between data and 
Monte Carlo indicates that the modelling of the efficiency of the particle identification cuts is reason- 
able. The relative normalisations of the data and Monte Carlo in the region 15° < 6 &co \ < 45° are used 
to determine corrections to the Monte Carlo efficiencies for the different centre-of-mass energies. A 
similar check of the inefficiency related to the cone requirements is made. The corrected inefficiency 
due to the acollinearity and cone cuts is (3.55 ± 0.14)%. 

Definition of | cos# x |: A systematic uncertainty on the selection efficiency of 0.1% is assigned due 
to the uncertainty in the definition of the geometrical acceptance, |cos# T | < 0.9. This estimate is 
obtained by comparing relative numbers of selected events in data and Monte Carlo using various 
definitions of |cosf? T |, e.g. calculated using tracks, using clusters in the electromagnetic calorimeter 
or using both tracks and clusters. 

e+e — — > e+e - rejection cuts: The Monte Carlo simulation predicts an exclusive inefficiency due 
to the e + e~ — ► e + e~ rejection cuts of (3.40 ± 0.03)%. To investigate potential biases, the energy- 
based e + e~ — * e + e~ rejection is replaced by cuts using electron identification information. Imperfect 
modelling of the detector response in the region | cos# r | > 0.7, shown in Figure 0(b), results in the 
Monte Carlo underestimating the true inefficiency. The inefficiency for the data is estimated to be 
(3.92 ±0.17)%. 

Further corrections and uncertainties : By using lepton identification information the effect 
of the cuts used to reject e + e~ — > fi + and e + e~ — ► e + e~£ + £~ events are found to be adequately 
modelled by the Monte Carlo, however corrections, consistent with unity, and corresponding uncer- 
tainties are obtained from the data. The trigger efficiency for e + e~ — > t + t~ events is estimated to 

5 We give here, by way of example for all these corrections, the correspondence between this correction to the exclusive 
inefficiency and the multiplicity correction factor, /, in Table fj] / = 1.0 + (0.0169 - 0.0132)/(0.7388 + 0.0169), where 
0.7388 is the overall corrected efficiency, i.e. 1.3536 . 
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be (99.98 ± 0.02)%. During 1995, when LEP operated in bunch-train mode, no discernible effect 
on the e + e~ — > t + t~ selection is observed and no systematic error is assigned. Uncertainties in the 
branching ratios of the r lepton result in a 0.05% uncertainty in the e + e~ — > t + t~ selection efficiency. 



The uncertainty on the mean r polarisation [48] has a negligible effect on the e + e — * t + t selection 



efficiency (< 0.01%). Corrections to the selection efficiency related to four-fermion events are deter- 



mined as described in Appendix A.l. A 10% uncertainty is assigned to the Monte Carlo expectation 



that 0.6% of events fail more than one of the classes of selection cuts. 
7.4.3 Background in the e+e — — ► t+t — channel 

For peak data approximately 2.6% of the events passing the e + e~ — ► t + t~ selection come from back- 
ground processes. This is significantly larger than the corresponding backgrounds in the e + e~ — ► e + e~ 
and e + e~ — * [i + fj,~ selections. The main backgrounds are from e + e~ — > e + e~ (0.4%), e + e~ — * [i + 
(1.1%), e + e~ — > qq (0.4%) and e + e~ — > e + e~£ + £~ (0.6%). The background fractions from e + e~ — > 
e + e~ and e + e~ — > e + e~£ + £~ are higher for the off-peak samples. To estimate the size of the back- 
ground contributions using the data, cuts are applied to the selected e + e~ — ► t + t~ sample to enhance 
the various background sources. The resulting background estimations and systematic uncertainties 
are given in Table [7| and are summarised below (for peak data). 

Background from e+e — — >■ e+e - : The Monte Carlo expectation for the e + e~ — ► e + e~ background 



fraction is (0.26 db 0.02)%. For the reasons discussed in Section 7.2.3, the Monte Carlo underesti- 
mates the e + e~ — ► e + e~ background in the barrel region of the detector. The techniques described in 
Section 7.2.3; are used to estimate the effect on the background level in the e + e~ — * t + t~ selection. 



Similar studies indicate that the e + e — > e + e background in the end-cap region, (| cos9 T \ > 0.7), is 
well modelled. The corrected total background from e + e~ — > e + e~ is then (0.47 ± 0.07)% 

Background from e+e - — >■ /x+/x — : The e + e~ — ► fi + background is estimated from Monte Carlo 
simulation to be (0.98 ± 0.02)%. For e + e~ — * events to enter the e + e~ — > t + t~ sample either 

one of the tracks must fail the muon identification criteria of Section [7^ or E^- must be less than 0.6-^/s. 
The e + e~ — > /U + /U~ background in the e + e~ — ► t + t~ sample is enhanced by requiring at least one 
identified muon and by imposing loose momentum and electromagnetic energy cuts. The acoplanarity 
distribution of the surviving events is used to estimate corrections to the Monte Carlo expectation for 
the e + e~ — * fJ- + [i~ background. Discrepancies between data and Monte Carlo are observed for tracks 
near the anode planes of the central jet chamber as indicated in Figure |i~2l(c). As a result of these 
comparisons, the Monte Carlo background estimate for the 1994 data is corrected to (1.17 db 0.09)%. 

Background from e+e - — > qq: The Lund string model as implemented in the JETSET program 
is used to describe the hadronisation process for the generated Monte Carlo samples. The parameters 



within JETSET are tuned to describe the properties of OPAL e + e~ — ► qq events p8,pC||. Although 
these Monte Carlo samples provide a good description of the global properties of e + e~ — ► qq, e.g. 
event shape variables, there is no guarantee that they adequately describe the low multiplicity region. 
This is illustrated by the comparison of the e + e~ — * qq background expectations obtained from Monte 



Carlo samples using two different JETSET tunes, |2j| and |30J, which give respective background 
estimates of (0.40 db 0.02)% and (0.88 db 0.02)%. 

To assess the e + e~ — ► qq background fraction from the data, the multiplicity cuts of the e + e~ — ► t + t~ 
selection are relaxed and events where one of the r cones is consistent with a leptonic r decay are 
removed from the selected e + e~ — > t + t~ sample. Events in the predominant t + t~ track multiplicity 
topologies, 1 — 1, 1 — 3 and 3 — 3, are also rejected. In this way e + e~ — * t + t~ events are removed 
whilst retaining a large fraction of the e + e~ — ► qq background. For example, Figure |i~2"|(d) shows the 
distribution of track multiplicity after the e + e~ — > qq enhancement. The resulting background en- 
riched sample allows the e + e~ — ► qq background fraction to be estimated from the data by fitting 
the track and total multiplicity distributions with contributions from e + e~ — ► t + t~ and e + e~ — ► qq 
where the shapes are taken from Monte Carlo and the normalisations left free. In this manner the 
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e + e — * qq background is estimated to be (0.41 ± 0.11)%. The systematic error reflects the sensitivity 
to the Monte Carlo model used to describe the shape of the multiplicity distributions. 

Background from e+e - — > e^~e~£^~£~: At the Z peak, the Monte Carlo prediction of the back- 
ground from e + e~ — > e + e~£ + £~ two-photon processes is (0.53 ± 0.02)%. The Monte Carlo predictions 
for the background from e + e~ — ► e + e~e + e~ and e + e~ — > e + e~ / u + /U~ backgrounds are checked by re- 
quiring both cones in selected e + e~ — ► t + t~ events to be consistent with being electrons and muons 
respectively. Distributions of E^ is /y/s and missing transverse momentum are used to estimate the 
background directly from data. No deviations from the Monte Carlo expectation are found. The 
statistical precision of the check is taken as the systematic error. A 100% systematic uncertainty is 
assigned to the background from e + e~ — ► e + e - r + T~. The resulting estimate of the background from 
two-photon processes for the 1994 data is (0.58 db 0.07)%. 



Other backgrounds: The background from four-fermion processes (see Appendix A.l) is estimated 
to be (4 ± 1) X 10~ 4 for the peak data. The cosmic ray background is estimated from the data and 
found to be small, (2 ± 2) x 10" 4 for the 1994 data. 

7.5 Correlations among lepton species 

Although the cross-sections for each lepton species are measured independently, the requirement that 
there is no overlap in the selections leads to anti-correlations between the systematic errors for each 
species. These anti-correlations reduce the precision with which the inter-species ratios can be mea- 
sured. However, components of the total systematic uncertainties which are anti-correlated between 
lepton species do not contribute significantly to the uncertainty on the leptonic cross-section from all 
species taken together. 

The separation of e + e~ — > e + e~ and e + e~ — ► t + t~ events is made primarily on the basis of the 
cut on the total deposited electromagnetic energy, E'totai- Almost all e + e~ events failing this cut are 
accepted by the r + r~ selection, while t + t~ events which exceed this cut appear as background in the 
e + e~ sample. Consequently, the covariance between e + e~ and t + t~ cross-section measurements is 
taken as the product of the systematic uncertainty in e + e~ efficiency due to the electromagnetic energy 
cut and the uncertainty of t + t~ background in the e + e~ sample. A second source of anti-correlation 
arises from e + e~ — > events being explicitly excluded from the e + e~ — * t + t~ sample. The 

covariance is taken as the product of the uncertainty in the estimated fi + yT background in the t + t~ 
sample and the uncertainty in the loss of t + t~ events improperly identified as ■ The covariance 

between the /x + \i~ and t + t~ selections and between the t + t~ and e + e~ selections are of similar size, 



with the exact values listed in Table 21. Due to their very different experimental signatures, there is 



no cross-talk between the e + e — ► e + e and e + e — > fi + ^ selections. 



8 Cross-section measurements 

Table |l| gives the number of selected events in each channel used in the cross-section analysis of the 
entire OPAL LEP 1 data sample. For measuring the cross-section of a particular final state both the 
detector sub-systems relevant for the selection and the luminosity detector are required to be fully 
operational. Since the detector sub-systems used in the different event selections are not identical, the 
luminosity and mean beam energy differ slightly for each final state. Within these 'detector status' 
requirements, the number of selected final state events, the number of luminosity events, the luminosity 
weighted beam energy and the beam-energy spread are calculated for each data sample. The cross- 
sections in the idealised phase space described in Section || are then calculated by multiplying the 
number of selected events by the correction factors given in Tables ^ [B|, || and [?], and dividing by the 
integrated luminosity. Details of the luminosity calculation entering these tables can be found in [O], 
Tables |, |, 0, and [TT| give the measured fermion-pair cross-sections within the kinematic cuts 
described in Section ||L for hadrons, electrons, muons, and taus respectively. The "measured" cross- 
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sections have been corrected for all effects except the spread of collision energies. The "corrected" 
cross-sections have been corrected for this spread according to the expected curvature of the cross- 
section as a function of energy, and correspond to the true cross-section at the central beam energy, as 
described in Appendix |C|. The cross-section measurements from 1990-1992 correspond to the results 
published in except for two corrections. The small effect of initial- final state interference (see 

Appendix |A|) has been applied retrospectively to the lepton cross-sections. In addition, the improved 
theoretical calculations (see Section ||) of the small-angle Bhabha scattering cross-section causes a 
slight change of the FD luminosity used for the 1990-1992 cross-sections. 

The SiW luminosity detector was fully operational for 94% of the 1994 peak running and the 
energy scans in 1993 and 1995 (but not during the 1993 and 1995 prescan periods). During the 
periods when the SiW luminosity detector was not fully functional, the data are used to measure 
ratios of cross-sections. For these measurements the integrated luminosity is determined from the 
number of selected e + e~ — ► qq events using the expected cross-section. A common 10 % normalisation 
uncertainty is assigned to these "pseudo-cross-sections" . This arbitrary large uncertainty ensures that 
these pseudo-cross-section measurements only contribute to the measurement of Rg, but do not affect 
the determination of mz, Tz or a® (see Section 11). Table 12 gives the pseudo-cross-sections, where 



the errors given are statistical only. The systematic errors, and their correlations, are taken to be 
the same as those for the peak cross-sections measured in the same year, except for the correlated 
normalisation scale error. 

For the 1990 data the systematic uncertainties on the absolute luminosity and centre-of-mass 
energy scales are significantly larger than in subsequent years (see Section |j). For this reason the 1990 
cross-section measurements are treated as pseudo-cross-sections with a common luminosity as well as 
LEP energy scale error imposed across all decay channels and energy points. Since the 1990 data 
includes off-peak as well as on-peak points, it contributes to the measurement of Rg and Tz, but not 
to mz or a®. 

The quoted errors on the measured cross-sections listed in Tables |8-11 are the statistical errors 
from the counting of signal and luminosity events. Systematic errors, which arise from uncertainties 
of the LEP centre-of-mass energy, the luminosity measurement and the event selections, have varying 
degrees of correlation between the different final-state species and the various data-taking periods. 



Tables 13-15 give the covariance matrices for the LEP energy and its spread. The covariance matrix 



for the luminosity is specified in Table 16 and Tables 17-21 show the covariance matrices for the 
hadron and lepton event selections. Appendix [C] describes in detail how the full covariance matrix for 
the cross-sections (and asymmetries) is constructed. 

Many checks were made to ensure the consistency of the event sample over widely varying time 



scales. One example is shown in Figure 13, which shows the distributions of the number of luminosity 
events observed between consecutive e + e~ — > qq events and vice versa. If OPAL had temporarily lost 
sensitivity to small angle Bhabha scattering events in the SiW detector or e + e~ — ► qq decays (but 
not both) for a continuous period of a few minutes in the approximately six months of OPAL live 
time spent running at the peak during 1993-1995, the failure would be visible as a tail in one of these 
distributions. Similar tests involving the lepton species also revealed no such problems. Other checks 
probing the constancy of event type ratios at time scales varying from hours to months revealed no 
statistically significant effect. For the 1995 data, the cross-section for each final state was determined, 
specific to each bunchlet in the bunch-train. No significant variation was observed. 

9 The asymmetry measurements 

The forward-backward asymmetry Ap B is defined as 

OF + OB 

where a-p and o"b are the cross-sections integrated over the forward (0 < cos#£- < 1) and backward 
(— 1 < cos 0£- < 0) hemispheres respectively, and 6g- is the angle between the final state l~ and the e~ 
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beam direction. 

In the SM the s-channel contribution to the differential cross-section for the reaction e + e~ — > 
with unpolarised beams is expected to have an approximately quadratic dependence on the cosine of 
the lepton scattering angle: 

d(T 8 

oc l + -Af B cos9 e - +cos 2 9 £ - . (3) 



d(cos 0g- 

For e + e~ — > e + e~ events, the angular dependence is more complex due to the large contributions from 
the i-channel and interference between s- and t-channels, discussed in Appendix |B|. The magnitude 
and energy-dependence of Ap B are sensitive to the vector and axial-vector couplings between leptons 



and the Z (see Section 11). Within the SM, the asymmetry is predicted to be about 0.01 at y/s = mz 
(after unfolding initial-state radiation) and to increase with yfs. 

In principle the measurement of ^4p B is simple and suffers from few systematic uncertainties. The 
statistically most powerful method of extracting a measurement of the forward-backward asymmetry 
is to perform an unbinned maximum likelihood fit of the differential cross-section with ^4p B as the 
only free parameter using the logarithm of the product of the event weights, Wi : 

Wi = 1(1 + (cos 0i-f)+A% cos 6 l e -, (4) 
o 

where 6 l f - is the polar angle of the negatively charged lepton in the ith event. This method, which 
is used for the e + e~ — ► fi + fi~ and e + e~ — > t + t~ channels, has the advantage of being insensitive to 
any event selection inefficiencies, or any variation of the efficiency with cos#£-, provided there is no 
forward-backward charge asymmetry in the efficiency function itself. Technically, the inclusion of a 
selection efficiency term in the event weights results in an additive constant when taking the logarithm 
of the likelihood function provided the efficiency can be expressed in terms of | cos | . This is in 
contrast to the event-counting method (see below) which must be corrected for selection inefficiencies. 
The fit yields a value for Ap B over the full polar angle range. This can be corrected to a restricted 
range | cos \ < k using a simple geometrical factor 

Xk 

A%(\cosd\<k) = Af B (|cos0|<l)^. (5) 

This region corresponds to the ideal acceptance definition of Table Q and is chosen to correspond 
closely to the geometric acceptance of the event selection. In addition, small corrections to the 
measured asymmetry are required to take account of background and other biases. 

The measurement of the forward-backward asymmetry in the e + e~ — > e + e~ channel is more 
complicated. Due to the t-channel contributions, the angular distribution in e + e~ — > e + e~ events can 
not be parametrised as a simple function of the forward-backward asymmetry, Ap B . For this reason 
A FB is measured from the observed numbers of events in the forward and backward hemispheres, A^f 
and iV B : 

FB N F + N B K } 

This counting method is also used as a cross check of the unbinned maximum likelihood method in 
the e + e~ — ► fi + fj,~ and e + e~ — ► t + t~ channels and yields consistent results. 

In each of the three leptonic channels the choice of which particle (£ + or £~) is used to define 
the polar angle of the event is varied at random from event to event. This reduces many possible 
geometrical biases to the asymmetry measurement arising from an asymmetry in the detector. In 
the cases where the £ + track is used, the angle 6 is measured relative to the e + beam direction. 
The measured asymmetries are corrected for the energy spread of the colliding beams as described 
in Appendix O. Corrections are required to account for charge misassignment and for differences 
between the experimental acceptance and the ideal acceptance of Table S. Details of these corrections 



35 



and the main systematic uncertainties are given below. Note that our measured asymmetries implicitly 
include the effects of initial-final-state interference. We make no correction to remove these effects 
from our measurements, but calculate the predicted asymmetries accounting for this interference 
using ZFITTER. The asymmetry measurements are dominated by statistical rather than systematic 
uncertainties even when all data sets are combined. 



9.1 e + e — ► forward-backward asymmetry 

The forward-backward asymmetry of muon pairs, A^, is a conceptually simple measurement. Muon 
pair events are selected with high efficiency and the asymmetry measurement itself is robust against 
many systematic effects. Compared to our previous publication Q the analysis presented here rep- 
resents a significant improvement in the understanding of the experimental biases. To benefit from 
the resulting reduction in systematic uncertainties, the asymmetry in the 1992 data sample has been 
re-evaluated. 



In addition to the e + e~ — ► \i + fi~ selection cuts of Section [7.3. 1| , the acollinearity angle between 
the directions of the two muon tracks is required to be less than 15°. This removes about 1.3% of the 
total sample by rejecting events with high-energy radiated photons. Such events distort the angular 
distribution and bias the asymmetry measurement due to the lower value of the effective centre-of-mass 
energy, y/s*. Equivalent acceptance cuts are made inside the ZFITTER program [49] when evaluating 
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the theoretical predictions used to fit the data, as discussed in Section 

About 1.2% of the selected e + e~ — ► events have the same sign assigned to both candidate 

muon tracks. These events are concentrated in the region where the tracks are close to the jet chamber 
wire planes or are in the forward region, | cos#| > 0.90. The probability that a track is assigned the 
incorrect charge is found to be dependent both on the polar angle of the track and on its direction of 
curvature. Both positive tracks with cos 9 < and negative tracks with cos 9 > are more likely to be 
assigned the wrong charge. Rejection of same-sign events would therefore lead to a selection inefficiency 
which is both asymmetric and charge-dependent, removing more events in the backward hemisphere 
than in the forward hemisphere and producing a positive bias in A^. The origin of this effect is 
not understood. The size of this bias is found to be 0.0010. These "like-charge" events are recovered 
by determining which track was the most likely to have been assigned the wrong charge, based on 
numbers of assigned track hits, measured momentum and its uncertainty and the acoplanarity angle 
for tracks close to the anode wire planes of the central detector. The efficiency of this procedure is 
determined using the sample of events where the charge can be almost unambiguously determined from 
the acoplanarity as measured in the muon chambers. The resulting charge measurement is estimated 
to be correct for 93% of like-charge events. A small correction is made for the 7% of like-charge events 
where the assignment is incorrect. The fraction of events where both muons are assigned the wrong 
charge is small, 2 x 10 -4 , and has negligible impact on the measurement. 

For Monte Carlo events the cut on E^- introduces a small additional bias, approximately 1 x 10 -4 , 
in the measured asymmetry with respect to the asymmetry within the ideal acceptance of Table 
||. However there is an additional bias for the data, related to the detector response, from events 
which fail the -E^ is cut due to being mismeasured. These events are concentrated in two regions 
either | cos#| > 0.90 or within 0.5° of an anode wire plane. Additional selection criteria were applied 
to recover these mismeasured events. The main background in the region E^ is < 0.6 arises from 
e + e~ — > t + t~. Cuts based on acoplanarity and the reconstructed momenta of the two muon tracks 
reduced this background to a manageable level. The inclusion of the recovered events in the event 
sample changes the measured value of by (6 ± 2) x 10 . 



Figure 15 shows the observed angular distribution of e + e — > fi + [i events from the 1993-1995 



data samples, after applying small corrections for inefficiency and background. The asymmetries 
are obtained from unbinned maximum likelihood fits to the observed distributions of cos 9 a— and 
corrected to the restricted acceptance of | cos#| < 0.95 using Equation [|. In the event selection both 
reconstructed muons are required to be within |cos#| < 0.95. In contrast, the acceptance for the 
muon pair asymmetry is defined constraining only | cos 9 U - \ < 0.95, thus including a larger fraction 
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of events with significant initial state radiation. The measured asymmetries are therefore corrected 
for the resulting bias of about 0.0003, which was estimated using KORALZ Monte Carlo events. The 
forward-backward asymmetry measurements for the e + e~ — > /i + channel, fully corrected to the 



acceptance definition of Table are summarised in Table 22. 

For each of the data sets the systematic errors are less than 10% of the statistical uncertainties. 
The total systematic uncertainty on the measured asymmetry for the highest statistics data sample 
is estimated to be 0.0004. The largest uncertainty is related to charge misassigned events, described 
above, varying between ±0.0002 and ±0.0010 depending on the data sample. The second largest 
systematic error, ±0.0002, comes from limits on the possible inadequacies of the fitting function in 
the maximum likelihood fit. In addition, small systematic uncertainties, each less than 0.0002, are 
assigned due to the definition of the angular acceptance, the residual tau pair background and biases 
from the event selection. The systematic errors for the different data samples and their correlations 



are given in Table |25. 



9.2 e + e — > t + t forward-backward asymmetry 

Measurement of A^q begins with the definition of a suitable event sample. In addition to the 



e + e~ — ► t + t~ selection cuts of Section [7.4.1| , events in which the sums of the charges in both r cones 
have the same sign are rejected and the sum of the charges of the tracks in at least one of the tau 
cones must be either ±1. These additional requirements reject approximately 2% of the selected 
e + e~ — > t + t~ events. Unlike in the muon-pair asymmetry measurement, the softer momentum spec- 
trum of charged particles from tau decays allows like-charged events to be rejected without introducing 
a significant bias. The charge misassignment in e + e~ — * t + t~ events mainly arises from track re- 
construction ambiguities for tau decays producing three or more closely separated tracks. Another 
difference with respect to the muon-pair asymmetry measurement is that the tau-pair asymmetry is 
subject to a potentially important background from electron-pair events. Due to the t-channel con- 
tribution, e + e~ — ► e + e~ background events have a large forward-backward asymmetry. To reduce the 
sensitivity of the ^4pg measurement to uncertainties in the e + e~ — * e + e~ background, additional cuts 
are applied. These cuts, based on dE/dx, acoplanarity and -Etotab reduce the e + e~ — ► e + e~ back- 



ground by over 90% and remove only 1.5% of e + e~ — ► r + r~ events. Figure 14 shows the angular 
distributions of the events selected for the e + e~ — ► t + t~ asymmetry measurement. Figure [l6| shows 
the corresponding distributions after corrections for background and selection efficiency are applied. 
Unbinned maximum likelihood fits to the uncorrected observed data distributions are used to measure 
Apg . The measured asymmetries are then corrected for the presence of background 

A^ FB = (^ T B-<B g )/bkg, 

where /bk g is the background fraction and is the asymmetry of the background. The resulting 
corrections are small, corresponding to less than 10% of the statistical error. 

The measured values of ^4pg correspond to the asymmetry in the selected sample extrapolated 
to the full cos# acceptance. These are corrected to the acceptance definition |cos# T - 1 < 0.9 and 
#acoi < 15° given in Table |2[ The corrections are obtained using Monte Carlo e + e~ — > t + t~ events 
which are treated in the same manner as data. The corrections also take into account other biases 
such as the effect of the non-zero average polarisation of the r lepton. The visible energy spectra from 
decays of positive and negative helicity r leptons are different. The e + e~ — * t + t~ event selection is 
approximately 1.5% more efficient for the negative helicity final states than for positive helicity final 
states and a bias arises since the forward-backward asymmetries for the two helicity states are different. 
For each energy point, the measured asymmetry from the Monte Carlo sample is compared with the 
true asymmetry within the acceptance | cos 9 T - \ < 0.9 and 6 aco \ < 15° obtained from the Monte Carlo 
generator information. The differences are used to obtain corrections to the measured asymmetries 
of -0.0027 ± 0.0017, -0.0014 ± 0.0011 and -0.0013 ± 0.0015 for the peak-2, peak and peak±2 data 
samples, respectively, where the errors include statistical and systematic components. These correc- 
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tions and uncertainties implicitly include effects due to possible inadequacies of the function used in 
the maximum likelihood fit. 

The corrected forward-backward asymmetry measurements for the e + e~ — * t + t~ channel are sum- 



marised in Table 23. The overall systematic uncertainties on Ap^ are 0.0018, 0.0012 and 0.0016 for the 



peak— 2, peak and peak+2 data points, respectively. The errors for the different data sets and their 



correlations are listed in Table 25. The systematic errors are dominated by the uncertainties on the 
Monte Carlo correction from the measured asymmetries to the asymmetry definition of Table ||. The 
systematic error associated with the measurement of cos 9 is studied by using 12 different definitions 
of this angle, e.g. using tracks and clusters, using tracks alone, taking the average value from the 
two tau cones. The shifts in the measured asymmetries compared to the default result are reasonably 
well reproduced by the Monte Carlo and a systematic error of 0.0005 is assigned. The knowledge 
of the absolute angular scale, or length-width ratio of the detector, has negligible impact on these 
measurements. As a consequence of the additional e + e~ — > e + e~ rejection cuts, the systematic errors 
arising from the uncertainties in the background fractions are small (typically 0.0002). 

9.3 e + e _ — > e + e _ forward-backward asymmetry 

is measured from the observed numbers of events in the forward and backward hemispheres: 

_ N F -N B 

Here Np and are the numbers of events within 0.00 < cos# c - < 0.70 and —0.70 < cos# - < 0.00, 
respectively, and 6 e - is the e~ scattering angle. In 1.5% of the selected e + e~ — > e + e~ events the signs 
of reconstructed charges of the tracks are the same. These events are retained for the asymmetry 
measurement by using the acoplanarity angle between the electromagnetic calorimeter clusters asso- 
ciated with the two electron candidates to distinguish their charges. This method is limited by the 
experimental resolution of the acoplanarity measurement giving the correct assignment in about 92% 
of events. This performance is studied in both data and Monte Carlo by applying the cluster-based 
acoplanarity method to selected events in which the two tracks have been assigned opposite charges. 
We therefore correct the measured asymmetry for residual bias due to the fact that we make the wrong 
charge assignment for an estimated 1.2 x 10~ 3 of all events when we recover the like-sign events using 
the acoplanarity method. The resulting corrections to Ap B are 0.0010 ± 0.0005, 0.0004 ± 0.0003 and 
0.0004 ± 0.0006 for the peak— 2, peak and peak+2 energy points, respectively. 

In the process e + e~ — ► e + e~, there is a small difference in the event selection efficiency for forward 
and backward events due mainly to the cut on the electromagnetic energy. This is caused by the softer 
energy spectra of ISR photons from s-channel Z than from i-channel photon exchange processes. ISR 
photons tend to be produced along the beam direction and are therefore likely to remain undetected. 
Consequently, events with harder ISR are more likely to be rejected by the cut on the total visible 
electromagnetic energy in the event, -Etotai > 0.80-^/s. The i-channel contribution is relatively more 
important in the forward direction while the contribution from the Z dominates in the backward direc- 
tion. As a result a small forward-backward asymmetry in the e + e~ — > e + e~ event selection efficiency 
arises. The resulting y's-dependent effect on ^4|? B is evaluated using the Monte Carlo simulation to be 
-0.0002 ± 0.0004, -0.0003 ± 0.0003 and -0.0007 ± 0.0008 for the peak-2, peak and peak+2 energy 
points, respectively. 

Unlike the unbinned maximum likelihood fit, the counting method used to obtain ^4p e B is sensitive to 
variations in the selection efficiency as a function of | cos 9\. The efficiency variations for e + e~ — > e + e~, 
however, are small enough to have negligible impact on the asymmetry measurement. The background 
in the e + e~ — > e + e~ sample is dominated by e + e~ — ► t + t~ events for which the expected asymmetry 
is different from that of e + e~ — > e + e~ events. Small corrections for background are obtained in the 
same manner as used for ^4p B . The corresponding systematic uncertainties are negligible. 

The offset of 0.0004 ± 0.0005 in the effective edge of the acceptance in polar angle relative to the 
nominal value (see Section 7.2.3j ) causes a small bias in the measured asymmetry. The size of this 



38 



effect has been evaluated numerically, using the SM prediction for the differential cross-section at the 
acceptance edges. Corrections of 0.0003 ± 0.0009, 0.0002 ± 0.0004 and 0.0002 ± 0.0005 are obtained 
for the peak— 2, peak and peak+2 energy points, respectively. The systematic errors correspond to 
the uncertainty on the edge of the acceptance. The accuracy of the definition of the boundary at 
cos 9 = 0.0 is also important for the asymmetry measurement, since this is used to separate forward 
events from backward events. However, by randomly choosing either the e~ or the e + to classify each 
event, the effect of any possible small bias is largely cancelled and is reduced to a negligible level. As a 
check of the asymmetry measurement, A F e B has also been evaluated using several different methods to 
classify events as forward or backward: using only e~ clusters and tracks; using only e + clusters and 
tracks; using only 9 measurements from tracks rather than from clusters when a high quality track is 
found; and using only events in which the two tracks have been assigned opposite charges. There are 
no significant differences between these results, beyond what is expected from statistical fluctuations. 

The forward-backward asymmetry measurements for the e + e~ — > e + e~ channel are summarised 
in Table 24. The systematic errors for the different data samples and their correlations are given in 
Table 25. Figure 17 shows the electron differential cross-sections at the three main energy points, fully 
corrected for the effects discussed above. 



10 Parametrisation of the Z resonance 

Before proceeding to interpret the measurements we first discuss the basic formalism used to de- 
scribe cross-sections and asymmetries at the Z resonance. Then we give a brief overview of radiative 
corrections and the programs which we use for their calculation. Finally, we describe the t-channel 
corrections which need to be accounted for in e + e~ final states. 

10.1 Lowest order formulae 

The process e + e~ — ► ff can be mediated in the s-channel by two spin-1 bosons, a massless photon 
and a massive Z boson. In lowest order and neglecting fermion masses the differential cross-section 
for this reaction can be written as: 

23 dafi a 2 Q f 2 (l + cos 2 9) (8) 



7riV r d cos 9 



+ 



8 Re [a Q f X * (a) [ Cfy (1 + cos 2 9) + 2C* Z cos 9 ] } 



with 



and 



+ 16 | x(s)r [ C| z (l + cos 2 0) + 8C| z cos0 



X(s) = -^—^ — =- (9) 

87rv 2 s — m z + i m z r z 



C7Z = <?Ve<?Vf , C^Z = 9Ae9Ai , (10) 

Ctz= (5 V e +5Ac)(5vf +9m) , CZZ = 9Ve9Ae9Vi9Ai ■ (11) 

Here a is the electromagnetic coupling constant, Gf is the Fermi constant and Qf is the electric charge 
of the final state fermion f. The colour factor N c is 1 for leptons and 3 for quarks, m z is the mass 
of the Z boson and T z its total decay width.[] gxi an d <7vf are the axial-vector and vector couplings 
between the participating fermions and the Z boson. 

The first term in Equation || accounts for pure photon exchange, the second term for 7/Z interfer- 
ence and the third for pure Z exchange. The four coefficients C^ z , C^ z , C zz and C zz parametrise the 

6 The bars on mz and Fz distinguish quantities defined in terms of the Breit-Wigner parametrisation with an s- 
independent total width from mz and Tz which are defined in terms of an s-dependent total width, as discussed in 
connection with Equation ^lj 
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terms symmetric (V) and antisymmetric ('a') in cos 9. The relative size and the energy dependence of 
the five components of the differential cross-section (three symmetric terms for 7, 7/Z and Z, and two 



anti-symmetric terms for 7/Z and Z) as expected in the SM are shown in Figure 18, The symmetric 
terms are clearly dominated by pure Z exchange. In contrast, the antisymmetric pure Z term is much 
smaller in magnitude than the corresponding contribution from 7/Z interference, except very close to 
the pole of the Z resonance, where the latter crosses zero. 

Integrated over the full angular phase space, the Z exchange term can be further expressed as a 
Breit-Wigner resonance: 

= ° h -07^ > ^ 

(s - mi) 2 + m z T z 

where a® is the "pole cross-section", i.e. the total cross-section at s = m|. It is given in terms of the 
partial widths or the C| z parameter: 



12vrr ee r ff C ZZ N C mlG F , 



where T ee and are the partial decay widths of the Z to electron pairs and the fermion pair ff, 
respectively. In terms of couplings the partial width is given by: 

The anti-symmetric terms in Equation || give rise to the forward-backward asymmetry t4fb defined in 
Equation 0. At centre-of-mass energies close to mz it can be approximated by: 



37Ty/2aQ{ C* z s -m\ 3C| Z 
G F m z C| z s C| z 



ony^i ^jjo "'Z I ^ w zz /-,r\ 

^fb(s) 2 : h -7^— • (15) 



The first term arises from the 7/Z interference and the second from pure Z exchange. The former gives 
the dominant contribution to ^4fb except very close to the pole and causes a strong yfs dependence, 
as illustrated in Figure [l8| (b). The latter is termed the "pole forward-backward asymmetry", ^4p B , 
and can be conveniently expressed in terms of the coupling parameters A{ 

Af B = -A c A t with A t = 2 ^ f9M 2 . (16) 

One should note that the relations presented so far are generally valid for the exchange of a massive 
spin-1 boson, independent of the specific form or size of the couplings between the heavy boson and 
the fermions. Only the well-tested prediction of QED for the strength of the vector- type coupling 
between photon and fermions is assumed. Within the SM, however, g^f and gyf are given at tree level 
by the third component of the weak isospin If, the electric charge Qf and the universal electroweak 
mixing angle, sin 2 #w : 

9Ai = lf , gvt = lf-2Q f sm 2 9 w . (17) 
10.2 Radiative corrections 

Radiative corrections significantly modify the e + e~ — > ff cross-sections and forward-backward asym- 
metries with respect to the tree level calculation. One can distinguish four main categories: 

• Photon vacuum polarisation: Vacuum polarisation leads to a scale dependence of the elec- 
tromagnetic coupling constant a: 

tt <°> - tt(s) = T^M • (18) 
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Due to uncertainties in the hadronic contribution to Aa(s) the value of a at s = m\ has a 
considerable uncertainty (a(m|) _1 = 128.886 ± 0.090 (5(|), despite the high precision of a at 
s = (0.04 ppm). There is also a small imaginary component of Aa(s) which leads to an 
additional contribution to the 7/Z interference in conjunction with the imaginary part of the Z 
propagator in Equation ^. 

• Initial-state radiation: Photonic radiation in the initial state has a profound effect on the Z 
lineshape. It reduces the peak height by about 25%, shifts the peak upward by about 100 MeV 
and increases the apparent (FWHM) width by about 500 MeV, as illustrated in Figure [l^ (e). 
Initial-state radiative corrections can be implemented in terms of a radiator function, H(s,s'), 
which relates the electroweak cross-section, a { j, to the observable cross-section, &°j s , in terms of 
an integral over s' , the squared invariant mass available to the hard electroweak interaction 

af s ( S )= f a fi (s')H( S ,s')ds' , (19) 

^min 

where s m ; n is the minimum invariant mass squared of the system after initial state radiation. 

• Final-state radiation: The radiation of photons or gluons (only for qq) in the final state 
increases the partial widths in first order by factors 

3 Q}a(ml) g s (ml) 
<5qed = 1 + 7^ , <5 Q cd^1 + — , (20) 

where a s is the strong coupling constant. For hadronic final states <5qcd causes a sizeable 
correction which allows a precise determination of a s (m|) from the inclusive hadronic width, 

• Electroweak corrections: Quantum-loop effects in the Z propagator and vertex corrections 
involving the Higgs and the top quark give rise to radiative corrections, which in leading order 
depend quadratically on the mass of the top quark, mt, and logarithmically on the Higgs boson 
mass, mn- These effects give sensitivity to physics at much larger scales than m|. 

When higher order corrections are considered mixed corrections arise; in particular QED/QCD and 
QCD/electroweak corrections are significant. In addition to 7 and Z exchange, box diagrams also make 
small contributions to the process e + e~ — > ff, with a relative size < 10 -4 close to the Z resonance. 

After unfolding the effects of initial and final-state radiation one can still retain the form of the 
differential cross-section expressed in Equation |8| with a few modifications: 

• a(0) must be replaced by the (complex) a(m|). 

• Electroweak corrections can be absorbed by replacing the tree-level axial-vector and vector cou- 
plings, <?Af an d <?vf> by the corresponding effective couplings and Qyi, which are complex 
numbers with small imaginary components. In general, the effect of these imaginary components, 
termed "remnants" , on the different terms of the differential cross-section is small. Most notable 
is their contribution to the symmetric part of the 7/Z interference, as shown in Figure |l8| (c). 



Loop corrections to the Z propagator lead to an s-dependent decay width [|51| . This can be 
accounted for by replacing (Tz — > Tz(s) = sFz/rn^ ) in Equation ^, resulting in: 

*<•> = wf 8 - m . i+ ^r z ■ < 21 > 

One should note that this does not alter the form of the resonance curve but corresponds to a 



transformation which redefines both the Z mass, mz = raz yl + Tz/^z , an d width 



rz = Tz a/1 + Tz/mz . Numerically, mz is shifted by about +34 MeV and Tz by +1 MeV. 
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The Z resonance measurements are conveniently interpreted in terms of "model-independent" param- 
eters, such as mass, total width, partial widths or pole cross-section, and pole asymmetry. In the 
presence of radiative corrections these parameters are no longer direct observables but depend on the 
specific choice of which radiative corrections to unfold or include and are therefore termed "pseudo- 
observables" . In this paper we define the Z mass and width, mz and T%, in terms of the s-dependent 
Breit-Wigner of Equation 21. Following the standard convention adopted by the LEP experiments, 
the partial decay widths absorb all final-state and electroweak corrections, such that their sum equals 
the total decay width: 

r ff = (|S V l 2 «v + \Qi\ 2 Ri) + a cw/qcd • (22) 

Here, i?y and account for final-state corrections and fermion masses and A 6W/ /qcd accounts for 
non-factorisable mixed electroweak/QCD contributions. After unfolding initial-state radiation the 
total cross-section from Z exchange can then be written as: 

a i f s = x 7 2^5 Wrt Wlth 0i = 2 r 2 • 23 

ff <5qed (s - m|) 2 + rn 2 z Fj. 



The factor 1/5qed (Equation |20|) is needed to cancel the final-state radiative corrections in r ee when 
used to describe the couplings to the initial state. 

In contrast, for the pole asymmetries (Equation |l(]), the effects of final-state radiation and imagi- 
nary remnants are excluded; they are interpreted in terms of the real parts of the effective couplings: 

A°/ B = -A e At , At = 2 f Vf f Af 2 with gvf = Re(^) , g M = Re(&) . (24) 
4 3vf + 9 m 

The imaginary remnants (Im(^), Im(Qy) ) are evaluated in the SM and the corresponding corrections 
are applied. 

For the calculation of radiative corrections we used the programs ZFITTER and TOPAZO [p^| . 
Initial-state radiation is implemented completely to 0(a 2 ) [|53| with leading C(a 3 ) corrections 
The radiation of fermion pairs in the initial state is also included to 0(a 3 ) J55|. Photon radiation 
in the final state as well as initial and final state interference is treated to 0(oi). The calculation of 
final-state radiation deserves a further comment. For the asymmetries and e + e~ — > e + e~ cross-section, 
which are measured within tight kinematic cuts, we use a(0) as recommended in [pq| . In contrast, 
for the other cross-sections, which are measured within inclusive cuts, we use a(m|), which implicitly 
covers the dominant part of small effects from final-state pair production. 

In addition to the one-loop level electroweak corrections, TOPAZO and ZFITTER include the 



leading (C(m*)) and sub-leading (C(mfm|)) two-loop corrections [57|. QCD corrections are calculated 



to O(cts) []58[ , with mixed terms included to 0(aa s ) and the leading 0(m%a s ) terms ]5£ 



10.3 t-channel contributions to e+e — ► e+e 

For e + e~ — > e + e~ events not only s-channel annihilation contributes but also the exchange of 7 and 
Z in the f-channel. Since t-channel exchange is not included in our main fitting program, ZFITTER, 
an external treatment is needed to account for it. We use the program ALIBABA |3l]] to calculate 
the expected contribution from t-channel and s-t interference and add them to the pure s channel 
contributions calculated with ZFITTER. The details of how we treat these contributions in the fit and 
the associated uncertainties are described in Appendix |B|. The uncertainties on the fitted e + e~ partial 
width, r ee , and pole asymmetry, ^4pg, due to the f-channel are 0.11 MeV and 0.0015, respectively, 
with a correlation coefficient of 0.85. 
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11 Determination of electroweak and Standard Model parameters 



The 211 measurements of cross-sections and asymmetries listed in Tables |8| - and Tables [22] - p4| 
form the basis of our tests of SM expectations, and our determination of electroweak parameters. 
The cross-section measurements at the three energy points of the precision scan determine the basic 
parameters of the Z resonance, its mass, mz, width, Tz, and its pole production cross-sections, af , for 
each of the four final states. By combining the measured pole cross-sections one can determine directly 
the absolute branching ratios (Tg/Tz) to hadrons and leptons, as can be seen from Equation |23|. The 
branching ratio to invisible states, such as neutrinos, can be inferred from the difference between unity 
and the sum of the visible branching ratios. Combining the branching ratios with the total width yields 
the decay widths to each species. For leptons these widths provide a precise check of SM predictions 
for the leptonic couplings. The hadronic width, through QCD effects, provides a measurement of a s . 
In contrast to almost all other measurements of this quantity, no hadronisation corrections are needed 
to compare with QCD calculations, which are available in O(a^). Therefore QCD uncertainties are 
small. The charge asymmetries of the leptons produced at the peak allow the ratios of the leptonic 
vector and axial-vector couplings to be determined. Finally, through radiative effects on the effective 
couplings, limits can be placed on the mass of the Higgs boson. 

The interpretation of our measured cross-sections and asymmetries in terms of electroweak pa- 
rameters proceeds in three stages. First, we use a parametrisation based on Equation ||[ where the 
C coefficients are treated as independent parameters, not imposing the constraints of Equations ^ 



and |11[ Secondly, we perform the analysis in terms of the "model-independent Z parameters" , which 
are based on mass, total width, pole cross-sections and pole asymmetries of the Z. The main dif- 
ference with respect to the first approach is that in deriving the model-independent Z parameters 
the 7/Z interference is constrained to the theoretical prediction. Finally, we compare our measured 
cross-sections and asymmetries directly with calculations made in the context of the SM. This allows 
us to test the consistency of our measurements with the theoretical prediction and also to determine 
the SM parameters, mz, mt, m-n and a s . 

For all our fits we use ZFITTER, version 6.21, with the default settings[] to calculate the cross- 
sections and asymmetries within our ideal kinematic acceptance as functions of the fit parameters. 
The fit parameters are obtained from a \ 2 minimisation based on MINUIT p!|, which takes into 
account the full covariance matrix of our data. In Appendix |C] we describe how the various sources of 
uncertainty are combined to construct the covariance matrix. 

The SM calculations require the full specification of the fundamental SM parameters. The main 
parameters are the masses of the Z boson (mz), the top quark (mt) and the Higgs boson (mn), and 
the strong and electromagnetic coupling constants, a s and a. Unless explicitly specified otherwise, we 
use for the calculation of imaginary remnants (Im(^), Im(<5y) ), non-factorisable corrections and for 
comparison with the SM predictions the following values and ranges: 

m z = 91.1856 ± 0.0030 GeV , m t = 175 ± 5 GeV , (25) 
m H = 150i^° GeV , a s = 0.119 ± 0.002 [2] , 

Aa£2j = 0.02804 ± 0.00065 

The values and ranges of mt and a s differ slightly from the most recent evaluations []63|, |64|. They 
were chosen for consistency with the corresponding publications of the other LEP experiments; the 
small differences are completely negligible for the results presented here. The range of mn corre- 
sponds approximately to the lower limit from direct searches |35[ and the upper limit from theoretical 
considerations |66]]. The electromagnetic coupling a is expressed here in terms of Aa[ 5 a ' d , the contri- 
bution of the five light quark flavours to the running of a at s = m| as described in Equation 
The quoted value for AafA corresponds to a(m|) -1 = 128.886 ± 0.090 [^] when the contributions 

7 Except for A a ff^ , which we specify directly (flag ALEM = 2), and the correction of Jgc( ], which is used only for the 



SM fits in Section 11.4 (flag CZAK) as recommended by the authors of ZFITTER. 
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from the top quark and the leptons are also included. A further crucial parameter is the Fermi con- 
stant Gp, which can be determined precisely from the muon lifetime. We use the most recent value, 
G F = (1.16637 ± 0.00001) x 10~ 5 GeV~ 2 |37|, which includes two-loop QED corrections. Other input 
parameters of the SM, such as the masses of the five light quarks^ and the leptons, are fixed to their 
present values Q. 



11.1 C-Parameter fits 

Our first analysis is based on a parametrisation according to Equation H treating the C-coefiicients as 
independent fit parameters. In this ansatz, which we first introduced in the analyses of our 1990/1991 
data samples Q 1| , the differential cross-section is described in terms of four independent parame- 
ters, C^ z , C^ z , C| z and C zz , which express the symmetric and anti-symmetric contributions from 
7/Z interference and pure Z exchange, respectively. Specifically we do not impose the constraints 



expressed in Equations 1C and Equations 11, which are in principle generally valid for the exchange of 
a massive vector boson with arbitrary axial-vector and vector couplings interfering with the photon. 
Contributions from new physics, however, such as an additional heavy vector boson, would lead to 
additional terms in Equation ||| In particular one would expect contributions from the interference 
between the Z and the extra boson, which would have the same form as the 7/Z interference. In 
the case of leptonic final states, the measurements of cross-sections and asymmetries are sensitive to 
all four parameters independently. Fitting the data with independent interference terms retains the 
sensitivity to such new physics effects. In addition, from the independent determination of C^ z and 
C^ z one can distinguish gyf and <?Af and determine the relative signs of the couplings, as discussed 



below in Section 11.3.2. This is not possible from the pure Z terms C| z and C zz alone, which are 
symmetric in <?vf and flAf- 

In this analysis we do not include any hadronic forward-backward asymmetry data and hence 
only the terms symmetric in cos#, C^ z and C| z , are accessible. However, the sensitivity to the 7/Z 
interference (C^ z ) is small at centre-of-mass energies close to mz, since a shift of the interference 
term is essentially equivalent to a shift in mz- The fact that high statistics measurements of the 
cross-section are available only for three different centre-of-mass energies further aggravates the lack 
of discrimination between shifts in mz and the interference term. In the following analysis we therefore 
use the C-parametrisation only for leptons. The hadrons are parametrised in terms of an s-dependent 
Breit-Wigner resonance (Equation |23| ) with mz, Tz and a® as fit parameters. The hadronic 7/Z 
interference term is fixed to the SM prediction. This constraint allows a precise determination of mz- 
With the leptonic 7/Z interference terms left free in the fit, mz is determined from the hadronic data 
and the C^ z parameters for leptons therefore depend on the assumed interference term for hadrons. 

For the precise definition of the C-parameters several choices could be made. We employ a defi- 
nition such that the parameters can be interpreted directly in terms of the real parts of the effective 
couplings, i.e. the meaning of the C-parameters in the SM corresponds to Equations [H] and |ll| with 



<?Af an d ffvf replaced by <?Af and <7vf as in Equation |2j. We use ZFITTER to correct for initial and 
final-state radiation and the running of a and to calculate the imaginary remnants of the couplings. 
Since these remnants are small and essentially independent of the centre-of-mass energy in the LEP 1 
region, this SM correction does not compromise the independence of the parametrisation from theo- 
retical assumptions, but it preserves a transparent interpretation of the C-parameters in terms of SM 
couplings. 

If lepton universality is not assumed, there are a total of 15 parameters: mz,Vz,o\ and four 
C-parameters - C^ z , C^ z , C zz , C zz - for each lepton species. These fitted parameters are shown in 



column two of Table 26. The values obtained from the different lepton species for the C-parameters 



are consistent with one another, compatible with lepton universality. Column three of Table |26j gives 
the results for a 7 parameter fit when lepton universality is imposed by requiring each of the four 
C-parameters to be equal across the three lepton species. The SM predictions are shown in the last 



See |49(] for details on the treatment of quark masses. 
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column. The error correlation matrices are given in Tables K7] and 



Figure 19 compares the parameters measured assuming lepton universality with the SM predictions 
as a function of mn- We see agreement for all parameters. The largest discrepancy, of about two 
standard deviations, occurs in the parameter C^ z . The same tendency was observed in our previous 
analysis using only the data collected from 1990 to 1992 Q. This parameter corresponds to the energy 
dependence of the leptonic forward-backward asymmetry. 

As a check we also performed a fit releasing the SM constraint for the hadronic 7/Z interference by 
introducing a scale factor for the 7/Z interference contribution (/ 7 /z = 1 in the SM) which was treated 
as an additional free parameter. The fit resulted in mz = 91.190 ± 0.011 GeV and / 7 / z = 0.0 ± 3.0, 
with a correlation coefficient of —0.96. This is in good agreement with the mz result in Table p6[ 
and with / 7 / z = 1- The large increase of the mz uncertainty and the high anti-correlation with / 7 / z 
illustrates the fact that LEP 1 measurements alone give marginal discrimination between hadronic 7/Z 
interference effects and mz shifts. In combination with measurements at energies further away from 
the Z resonance, e.g., the fermion-pair cross-sections at LEP 2, this problem can be resolved ||. 

An alternative model-independent parametrisation of the Z resonance is the S-Matrix formal- 



ism [68|. In practice this approach is equivalent to the C-parameters. Since the S-Matrix parametri- 
sation is the standard framework for combined LEP 1 and LEP 2 cross-section and asymmetry mea- 
surements we also give the S-Matrix results in Appendix [S|. 



11.2 Results of the model-independent Z parameter fits 



Our second fit is based on the model- independent Z parameters, which consist of mz, Tz, o^, and Ap B 



as given in Equations 23 and 24, as well as the ratios of hadronic to leptonic widths: 



Ht = ^ V = e,n,T) . (26) 

The partial widths include final-state and electroweak corrections as defined in Equation This set 
of pseudo-observables is closely related to the experimental measurements and sufficient to parametrise 
the Z properties; correlations between the parameters are small. For this reason it has been adopted 
by the four LEP collaborations to facilitate the comparisons and averaging of the Z resonance mea- 
surements. 

The essential difference between this fit and the C-parameter fit above is that now, in addition to 
the hadronic interference term, the leptonic 7/Z interference terms (C^ z and C^ z ) are also constrained 

to the SM prediction. The expression of resonant lepton production in terms of Re, an d -ApB * s 
equivalent to the C| z and C zz formulation. 

The results of the 9 parameter fit (without lepton universality) and the 5 parameter fit (assuming 
lepton universality) are shown in Table [2^, together with the SM predictions in the last column. The 



error correlations are given in Tables |30| and |31]. For the fits where lepton universality is not imposed 
the large mass of the r is expected to reduce r rT by about 0.2%. Lepton universality would therefore 
be reflected in R T being 0.047 larger than R e and R^. In the 5 parameter fit, where lepton universality 
is imposed, the r mass effect is corrected; refers to the partial decay width of the Z into massless 
charged leptons. Figure ^ compares the parameters fit assuming lepton universality with the SM 
prediction as a function of the Higgs mass. The agreement for all parameters is good. 

In the context of this parameter set, we also make a test of the consistency of the LEP energy 
calibration. To make this test, we replace the single parameter mz with three independent parameters 
for the three periods which distinguish the stages in the evolution of the LEP calibration; these are 



1990-92, 1993-94 and 1995. The results are given in Table 32. The errors of the three mz values are 
largely uncorrelated, and the stability of the LEP energy calibration is verified within the precision of 
our measurements. 

The value of mz we obtain in the fit to the model-independent Z parameters is about 1 MeV 
smaller than the value we obtain in the fit to the C-parameters. This difference is due to the fact that 
in the C-parameter fit the leptons contribute much less to the mz measurement, since the leptonic 7/Z 
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interference terms are allowed to vary freely. One should also note that mz shifts by —0.5 MeV when 
lepton universality is imposed, in both the fit with C-parameters and the fit with model-independent 
Z parameters. This is due to a subtle effect in the e + e~ — > e + e~ i-channel correction, which gives an 
additional weak constraint on mz (see Appendix |B|). 

Figures 21 and compare the cross-section and asymmetry measurements with the results of the 
9-parameter model-independent fit. Figure ^ shows the contours in the Ap^- R^ plane, separately 
for the three lepton species as well as for a universal charged lepton. There is a large anti-correlation 
between A F g and R e , due to the appreciable non-s-channel contributions, as discussed in Appendix ||. 



11.2.1 Error composition and 



Table 33 shows the approximate error composition for the model-independent Z parameters and for 
the derived parameters which are discussed below. Only in the case of cr[J and R T do systematic 
uncertainties exceed the statistical errors. For Tz and the asymmetries the statistical errors are 
still much larger than the systematics. This parameter set also benefits from a division of the major 
systematic uncertainties. The LEP energy mainly affects mz and Tz, the luminosity uncertainty enters 
nearly exclusively in a®, and t-channel uncertainties are isolated in R e and -Apjj. Such a separation of 
effects greatly facilitates the combination of the results with the other LEP experiments, since these 
are the uncertainties which are common to all experiments. For other possible parametrisations, e.g., 
in terms of partial widths, C-parameters or the S-matrix, the systematic effects on the parameters are 
much more poorly separated. 

The x 2 values of our fits are somewhat lower than expected, for example in the 9-parameter model- 
independent fit x 2 = 155.6 with 194 degrees of freedom.^] The probability to obtain x 2 < 155.6 is 2%. 
The low value of x 2 can be attributed predominantly to anomalously low statistical fluctuations in the 
data with lower precision taken in the early phase of LEP running (1990-1992). It was already present 
in our earlier publications A fit to the 1993-1995 data alone results in x 2 /d.o.f. = 34.2/40, where 

the probability to obtain a lower x 2 is 27%. 



11.2.2 Theoretical uncertainties 

The relatively large effects from theoretical uncertainties in the luminosity determination and the 
e + e~ — ► e + e~ t-channel correction are discussed elsewhere in this paper; these are already treated in 
the fit procedure and included in the quoted parameter errors. Additional uncertainties arise from 
the deconvolution of initial-state radiation (ISR), possible ambiguities in the precise definition of 
the pseudo-observables and residual dependence on the values of the SM parameters which we have 
assumed. 

ISR corrections substantially affect the Z lineshape. In the fitting programs ZFITTER and 
TOPAZ0, their implementation is complete to 0(a 2 ) and includes the leading (D(a s ) terms. In a 
recent evaluation (6{| different schemes have been compared and the effect of missing higher order 
terms estimated; the residual uncertainties are limited to 0.004 nb for a®, 0.1 MeV for mz and Tz, and 
are negligible for other parameters. A related effect is the correction for fermion-pair radiation in the 
initial state. Although this correction is about two orders of magnitude smaller than the ISR correction 
it gives rise to somewhat larger uncertainties. Comparing different schemes and implementations^ 7 ! 
leads to uncertainties of 0.3 MeV for mz, 0.2 MeV for Tz and 0.006 nb for a^. 

We further investigated possible differences in the definition of pseudo-observables or their imple- 
mentation by comparing the programs ZFITTER and TOPAZ0. In a very detailed comparison [p6f| 
the authors of the two packages demonstrated the good overall consistency in their implementations 
of radiative corrections and SM calculations. In addition, we evaluated differences between the two 

9 For determining the number of degrees of freedom one needs to account for the six sets of "pseudo-cross-sections" 
(Section ^) and for the fact that we allow the absolute normalisation of the cross-sections and the energy scale to float 
in the 1990 data. Therefore the number of effective measurements is reduced from 211 to 203. 

10 We repeated the fits varying the ZFITTER flags ISPP=2,3,4 which select the parametrisations of f^] and two 
variants of [tTOl. The maximal difference is taken as the error. 
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programs by using one to calculate a set of cross-sections and asymmetries and using the other to re-fit 
this set. The effective differences in terms of pseudo-observables are 0.2 MeV for mz, 0.1 MeV for T%, 
0.003 nb for cr[J, 0.004 for Re, and 0.0001 for Ap B . The difference in Re is the only notable effect; it 
corresponds to 10% of the experimental error. Further effects from missing higher order electroweak 
corrections have also been studied. Such corrections are small and affect the pseudo-observables only 
through the tiny SM remnants. Numerically, the changes are found to be negligible. 

Finally, we evaluated the dependence of the fitted pseudo-observables on the SM parameters a(m|), 
a s (m|), m t and run. The values assumed for these parameters affect the fitted pseudo-observables 
mainly through the 7/Z interference which is taken from the SM. The effects, however, are small; the 
only notable impact is on mz, which changes by 0.2 MeV when varying toh from 90 to 1000 GeV. 

The overall theoretical uncertainties for the Z resonance parameters from all these sources are 
given in the last column of Table These have a negligible effect on our results, since in all cases 
the theoretical error is much less than the total uncertainty; the largest effects are for a® with 15% 
and mz and Ri with 10% of the total error. 



11.3 Interpretation 

The model-independent Z parameters were chosen to be closely related to the measured quantities 
and have minimal correlations with each other. These parameters can easily be transformed to other 
equivalent sets of physical quantities for the interpretation of our results. 



11.3.1 Z decay widths 

From the model-independent Z parameters Tz, cr[J, R e , and R T the partial Z decay widths Ti 



inv) 

r ee , r„ M , r rr , and Thad can be derived, and are shown in Table |34|. Here r; nv is the width of the Z to 



final states not accounted for in the analysis of e + e — > e + e , [i + fi , r + r and qq processes discussed 
in the previous sections 

Tinv = Tz — r ee — F w — T rT — fhad • (27) 



The correlations between the partial widths are large and are given in Tables |35| and 36j. In Table |3j 
good agreement is seen among the measured lepton partial widths and with the SM expectations. By 
assuming lepton universality, our measurement of rj nv becomes more precise. 

A quantity sensitive to a possible deviation of the data from the SM prediction for the invisible 
width is the ratio 

Tinv 

R'mv = -7; — • (28) 

1 a 

In this ratio experimental errors partially cancel and theoretical uncertainties due to the assumed 
values of m t and mn are strongly reduced. In the SM only neutrinos contribute to r; nv . The first Z 



resonance measurements at SLC and LEP in 1989 [71] demonstrated the existence of three generations 



of light neutrinos. For three generations one expects 



i?pM = 3^ = 5.974 ± 0.004 



where the uncertainty corresponds to variations of mt = 175 ± 5 GeV and 90 < mn < 1000 GeV. 
Taking into account the correlation between F; nv and Tee our measured value is 

R inv = 5.942 ± 0.027 . 

Dividing R mv by the SM expectation for a single generation, T^/Tee, gives 

N v = 2.984 ± 0.013 . 

The measurements of the total and partial Z decay widths give important constraints for extensions 
of the SM which predict additional decay modes of the Z into new particles. From the difference 
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between measured widths and the SM predictions (assuming three neutrino species) one can derive 
upper limits for such contributions from new physics. New particles could contribute either to one of 
the visible decay channels in the partial widths or to the invisible width, depending on their specific 
properties. In order to calculate the upper limits for such extra contributions to the widths we added 
the experimental and theoretical errors in quadrature. For the latter we evaluated the change of the 
predicted widths when varying the SM input parameters, mz, mt, a s (m|) and a(m|), within their 
experimental precision (Equation |25|), For the mass of the Higgs boson we used 1000 GeV. This results 
in the smallest theoretical predictions for the widths and therefore in the most conservative limits. 
We obtain 

r| ew <14.8MeV and Tf™ < 3.7 MeV (29) 

as one-sided upper limits at 95% confidence level for additional contributions to the total {T% ew ) and 
the invisible width (r^f^). The limits for mn = 150 GeV and for the visible partial widths are given 



in Table 37. All limits are Bayesian with a prior probability which is uniform for positive r x e 



11.3.2 Coupling parameters and the effective mixing angle 

From the measured pole asymmetries A F ^ it is straightforward (Equation ^4|) to determine the cou- 
pling parameters Ai, which quantify the asymmetry of the Z-lepton coupling for each lepton species. 
The results for the three lepton species are consistent with each other and agree well with the SM 
predictions, as shown in Table |38|. However, since the measured A^ and Ap^ are products of A e with 
either A^ or A T , large anti-correlations (Table |39|) arise between A e and A^, A T . 

An equivalent formulation of the coupling asymmetries can be made in terms of the effective weak 
mixing angle sin 2 ^'^. Assuming lepton universality we obtain 

sin 2 ^ = lfl-^= 0.2325 ± 0.0010 , (30) 

which is in good agreement with the world average of 0.23151 ± 0.00017 ||. 

11.3.3 Vector and axial- vector couplings 

Using the set of the model-independent Z parameters one can determine the leptonic vector and axial- 
vector couplings gyg and g^t f° r the neutral currents. The results are given in Table ^0[ There are 
strong anti-correlations between the e + e~ couplings on one side and the H + fJ-~ and t + t~ couplings on 
the other, and also between vector and axial-vector couplings for each lepton species. This is shown 



in Table 41 and illustrated in Figure 24. When lepton universality is imposed the anti-correlation 
between gyi and g^i is reduced to —29%. Good agreement is found with the prediction of the SM. 
Being determined primarily from the lepton cross-sections, gxe has a small relative error. Ratios of 
couplings provide a powerful test of lepton universality for the axial-vector couplings at the 0.5% level: 

_ n qqoq+0.0033 9 At _ 1 nnn o+0.0037 9At_ _ , nm ,+0.0036 /o-i \ 

- — - u.yy»y_ _ 0058 , - — - i.ooo3_ 0055 , - — - i.uoi4_ 0034 . (3ij 

9Ac ^Ae 9A/i 

For the vector couplings the relative uncertainties are much larger. They are also very asymmetric and 
strongly correlated between lepton species. Because the observables A F '^ or Ap^ are each products of 
9Vfj, or gvr and gy e , the derived values of gy^ and gy T diverge if gy e approaches zero. This pathology 
is visible in the strongly asymmetric errors in gy^ and gy T and the corresponding tails in Figure p4| . 
When we form the vector coupling ratios the non-Gaussian behaviour of the uncertainties is further 
enhanced for gy^/gy e and gy T /9Ve, while <5Vt/<?v> has much smaller and rather symmetric errors: 

gVfi _ 7Q +1.84 9Vt _ , fi o+1.72 9Vr _ n Q1 +0.25 /o 9 \ 

- — i./y_ 64 , - — i.dj_ 061 , - — u.y±_ 021 . yaz,) 

9Ve gVe 9Vfi 

One should emphasise that the non-linearities in the determination of gyi are driven by the observed, 
statistically limited, measurement of A F '^. Our value of A F '^ is small and only two standard deviations 
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above zero, although compatible with the SM prediction. The problem is less apparent and the 
propagated errors in the vector couplings are significantly reduced when Ap^ happens to be large, as 
is the case for example in [flCf| . 

The pure Z pseudo-observables Re and ^4pg are symmetric in gye and g^i, as can be seen from 
Equations |l4| and [l6|. The results would not change if the values of gye and 9Ae were interchanged. 
Our measurements of the C-parameters describing the 7/Z interference (Equation 10) can be used to 
resolve this ambiguity. C^ z parametrises the interference contribution symmetric in cos 8 and C^ z the 
strong -y/s dependence of the asymmetries (Equation 15). The results of the fit, as given in Table 
distinguish gye and <?A£ unambiguously. C^ z and Cf z also determine the signs of and #At relative 
to gAe (and the signs of gy^ and gy T relative to gy e )- The last remaining ambiguity, which the 
lineshape and asymmetry data alone cannot resolve, is the relative signP| of gyp and g\e- This can be 
determined by measurements of the r polarisation asymmetries ff% or the left-right asymmetry [frj| , 
which determine directly the ratio gye/ g At for a specific flavour. 

11.3.4 a s from the Z resonance parameters 



As discussed in Section 10.2 the hadronic partial decay width, T^adi is increased by final state QCD 
corrections, in first order by a factor 1 + In ZFITTER corrections up to 0{a^) are included. 

The largest contribution to Tz is from Thad- As a result several Z resonance parameters are 
sensitive to a s , namely the total width Tz directly, the ratio of hadronic to leptonic partial width 
Re, the hadronic pole cross-section <t[J and finally the leptonic pole cross-section of (obtained by 
transforming the results in Table a® = 1.9932 ± 0.0043 nb). From the three observables Re, a^, 
<7» only two are independent and the best constraint on a s is obtained in a simultaneous fit to all 



parameters. This is discussed in Section 11.4. However, from the experimental point of view rather 
different effects dominate the uncertainty of each of these observables, and it is therefore instructive to 
examine the value of a s derived from each individual observable. The measurement via Tz is statistics 
limited and free of normalisation errors, that via Re is independent of the luminosity and limited by 
lepton statistics and systematics, while for the measurement via o^ statistics, selection systematics 
and luminosity uncertainties contribute about equally, and finally, the measurement via a® is free of 
any hadronisation uncertainties. 



Figure 25 shows these observables and the SM prediction as implemented in ZFITTER as a function 
of a s . Also shown are the effects of varying the parameters m t , mn and a(m|). The resulting values 
for a s are listed in Table ^2[ They are in good agreement within the experimental errors. 

Since a®, a® and Re are ratios of partial or total widths, the values of a s derived through these 
parameters are rather insensitive to variations of the SM parameters, which affect Tee, Thad and Tz 
similarly, while the value derived through Tz depends more strongly on nit and mn- It is interesting 
to note that a s from 0® , a measurement relying entirely on leptonic final states, has by far the smallest 
uncertainty. This somewhat counter-intuitive result is due to the fact that a\ depends quadratically 
on Tz and is therefore most sensitive to the effect of a s on Thad) through the dominant contribution 
of the latter to Tz- 

QCD uncertainties on the determination of a s (m|) from the Z resonance parameters are small. 
The dominant effect comes from the unknown terms of 0(af ) and higher. However, several evaluations 
exist in the literature, which result in rather different error estimates. In Reference ] pq| , which is the 
basis of the ZFITTER QCD corrections, the renormalisation scale dependence (1/4 < /i 2 /m z < 4) of 
the massless non-singlet terms entering r^ad translates into -0.0002 < 5a s < +0.0013 for a s = 0.125. 
Other contributions, such as the renormalisation scheme or the uncertainty of the b quark mass, are 



below ±0.0005. In Reference (64] the renormalisation scale dependence of Ri is evaluated based on an 
effective parametrisation of Re as function of a s . Using a wider range (1/16 < p? jm\ < 16) results in 



—0.0004 < 5a s < +0.0028. In Reference [74] a similar scale dependence of a s (m|) from Re is found. 
However, the authors then resum additional terms ("7r 2 terms") in the perturbative expansion of Re, 

11 The absolute sign of one of the axial- vector or vector couplings needs to be defined. By convention one takes gAe as 
negative. 
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which leads to a slight correction of +0.6% for the resulting a s (m|) and reduces the renormalisation 
scale uncertainty to ±0.0005. 

Given the small size of this correction, and to remain consistent with the other LEP collaborations, 
we do not correct our result obtained from ZFITTER and assign a conservative systematic error 
of ±0.002 as the QCD uncertainty for a s derived from the Z resonance parameters, which is still 
significantly smaller than the experimental precision. In principle, a s dependent propagator corrections 
enter differently in the various Z resonance observables.P| However, since these corrections are much 
smaller than the dominating a s correction to Thadj these differences can be safely neglected for the 
overall QCD uncertainty. 



11.4 Standard Model fits 

As a last step we compare our measured cross-sections and asymmetries directly with the full SM 
calculations implemented in ZFITTER, using as fit parameters mz, a s , mt an d mn. In addition, the 
electromagnetic coupling constant is constrained by Aa[ 5 a |j = 0.02804 ± 0.00065 |5Cfl . The lineshape 
and asymmetry measurements alone are not sufficient to determine simultaneously m t , mn and a s . 
The leading electroweak radiative corrections in terms of m% and — log(mn) have the same form for all 
fermion partial widths and lepton asymmetries. The only exception is the 6-quark partial width, which 
has unique mt dependent vertex corrections. This leads to a somewhat different mt dependence for the 
inclusive hadronic width, i\ a d- However, this potential discrimination power is absorbed by a s when 
it can vary freely in the fit. Therefore additional constraints on these parameters or supplementary 
electroweak precision measurements are needed for a simultaneous fit to m t , mn and a s . 

We choose to restrict ourselves to three scenarios: (i) determination of a s and mt from the lineshape 
and asymmetry measurements alone, restricting me to the range 90-1000 GeV, with a central value 
of 150 GeV; (ii) determination of toh and a s , using the direct Tevatron measurement of the top quark 
mass, m t = 174.3±5.1 GeV |33|, as an external constraint; and (Hi) determination of mn alone, using 
in addition to the m t constraint also the recent world average of a s = 0.1184 ± 0.0031 |p4||. 



The results of these fits are shown in Table 43. Our measured cross-sections and asymme- 
tries are consistent with the SM predictions as indicated both by the absolute x 2 /d.o.f. and by 
its small change with respect to the model- independent fits. In fit (i) we determine a value of 
mt = 162 ± 15^g 5 (ran) GeV through the indirect effect of radiative corrections, which agrees well 
with the direct measurement. This agreement is a sensitive validation of the electroweak loop correc- 
tions. In fit (ii) we obtain 

a s (m|) = 0.127 ± 0.005 ± 0.002 ( QCD) (33) 

for the strong coupling constant, which is consistent within about 1.5 standard deviations with the 
world average. Also in fit (ii) we find mn = 390^280 GeV as the mass of the Higgs boson. In fit 
(Hi), when we further use the external value of a s , the fitted result for the Higgs mass moves lower, 
to mn = 190i?L GeV, due to the correlation between a s and mn- The correlation is illustrated in 



Figure 26 which shows the 68% C.L. contour of a s and mn for fit (ii). Since the leading radiative 
corrections depend logarithmically on mn the uncertainty of mn is very asymmetric. But even in 
terms of log mn the error is asymmetric. This is due to the fact that the fit allows a wide range for 
tor but only for toh 3> myj is the logarithmic dependence a good approximation. 

It is important to verify that performing a SM fit on the level of pseudo-observables is equivalent 
to fitting the cross-sections and asymmetries directly. Using the results of the 9-parameter model- 
independent fit (Tables p9| and 31) as input to the SM fit yields consistent results: the central values for 



the SM parameters agree within 10% of the error; uncertainties and correlations are indistinguishable 



within the quoted precision. This is illustrated in Figure 26 which also shows the 68% contour from 



12 The residual differences are caused by QCD effects in terms involving the top-quark mass which almost completely 
cancel in quantities that depend on the ratio of widths. At present, uncertainties in these effects [j^BI are equivalent to 
an error ~ 1 GeV in m t , and are much smaller than the uncertainty on the measured top mass. 
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the pseudo-observable fit. When these results are combined with other electroweak measurements || 
to determine SM parameters, the fits are performed at the level of pseudo-observables. 



12 Summary and conclusions 

We present here the OPAL analysis of the Z cross-section and lepton forward-backward asymmetry 
measurements. This analysis includes the entirety of the OPAL data sample taken near the Z resonance 
from 1990 to 1995. In addition to the nearly four-fold increase in statistics since our last publication j|] 
many improvements have been made in the experimental and theoretical systematic uncertainties of 
the measurements. One important contribution is the reduction of the experimental error of the 
luminosity determination [|L|] by more than a factor of ten. New techniques to evaluate systematic 
effects of the event selections more than halved this source of uncertainty for the hadronic cross-section. 
Similar progress has been made in the precision of the external inputs to our measurements, namely 



the precise determination of the LEP centre-of-mass energy [43] and the theoretical calculation of 



the luminosity cross-section [46 



and interpret our results [49 



3,|47j], as well as in the theoretical tools and programs used to evaluate 
,|52,[5(|]. Overall, these coherent efforts allowed us to exploit most of the 
inherent statistical precision of our 4.5 x 10 6 measurable Z decays. 

In a model-independent ansatz we parametrise independently the contributions from pure Z ex- 
change and from 7/Z interference. Our results are in good agreement with lepton universality and 
consistent with the vector and axial-vector couplings between the Z and fermions as predicted in 
the SM. Our main results in terms of Z resonance parameters, assuming lepton universality, can be 
summarised as: 

m z = 91.1852 ±0.0030 GeV , 
T z = 2.4948 ± 0.0041 GeV , 
al = 41.501 ±0.055 nb , 
Ri = 20.823 ± 0.044 , 
A% = 0.0145 ± 0.0017 . 

Transforming these parameters yields the ratio of invisible to leptonic decay width, 

r inv /r« = 5.942 ± 0.027 . 

Assuming the SM couplings for leptons this can be converted into a measurement of the effective 
number of light neutrino species 

N v = 2.984 ± 0.013 . 

Alternatively, one can use the SM prediction of r; nv for three neutrino generations and derive an upper 
limit for additional contributions from new physics to the invisible or the total Z width: 

rf 1 f7<3.7MeV or Tf™ < 14.8 MeV at95%C.L. 

Finally, we compare our measured cross-sections and asymmetries with the full SM calculations. 
Radiative corrections are sensitive to the parameters m t , toh and a s (m|), allowing our measurements 
to determine: 

m t = 162 ± 15±§ B (m H ) GeV , 
a s (ml) = 0.125 ±0.0051^ (m H ) ±0.002 (QCD) , 

where we fixed mn = 150^gQ° GeV. Including the direct measurement of the top quark mass (mt = 
174.3 ± 5.1 GeV |63|]) as an additional constraint we obtain results for a s (m|) and the mass of the 
Higgs boson: 

a s (m z ) = 0.127 ± 0.005 ± 0.002 (QCD) 
m H = GeV . 
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These Z lineshape and asymmetry measurements test and confirm the SM at the level of quantum 
loop corrections and set tight constraints on new physics. 
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A Four-fermion processes and radiative photon interference 



Small radiative corrections to fermion-pair production due to four-fermion final states and the interfer- 
ence between initial- and final-state photon radiation are not treated by the fermion-pair Monte Carlo 
generators, JETSET and KORALZ, which we used in determining our event selection efficiencies. We 
describe here, in some technical detail, how we derived the small acceptance corrections arising from 
these effects. 

A.l Treatment of four-fermion final states 

The selection criteria for hadronic and lepton-pair events define samples which are primarily the 
result of fermion-pair production processes e + e~ — * ff. Studies have been made of the much smaller 
contributions arising from four-fermion final states e + e~ — > ffFF, as shown in Figure |2| Some classes 
of four-fermion events have little connection to Z production, and can properly be considered as 
background, for example multi-peripheral (d) or pair corrections to t-channel scattering (e,f). Other 
four-fermion events (b,c) however, must be considered as radiative corrections to the fermion-pair 
production (a) which interests us. In the following we use the designation ff to refer to the primary 
fermion pair of interest and FF to refer to the radiated pair, although a rigid distinction between the 
pairs cannot always be made. 

From the theoretical point-of-view it is desirable to design the selection of fermion pairs in such 
a way that no stringent cuts are imposed on events with photon radiation and pair production. One 
then benefits from cancellations between real and virtual corrections leading to smaller uncertainties 
in the theoretical calculations. In practice, however, the event selection efficiency for events with 
radiated pairs can be expected to be different from the efficiency for events without such radiation, 
and this efficiency cannot be evaluated using the standard Monte Carlo event generators for fermion- 
pair production since they do not in general include such four-fermion final states. Studies have been 
made following the approach described in WB^ using a specially generated sample of Monte Carlo 
four-fermion events. 

An unambiguous separation of signal and background four-fermion events is not possible due to 
the interference of amplitudes which lead to the same final states. We therefore adopt a practical 
signal definition based on kinematics. Typically the fermion pair (ff ) from Z decay is of high invariant 
mass and the radiated pair (FF) is of low mass. Four-fermion final states from i-channel and multi- 
peripheral diagrams tend to occupy a region of phase space well separated from the signal events of 
interest. We ignore the interference between s-channel and i-channel diagrams and generate separate 
four-fermion Monte Carlo samples: four-fermion events from s-channel diagrams are generated using 
the FERMISV program, while those from the f-channel diagrams are generated using the grc4f (version 
1.11) and Pythia programs. 

For channels other than e + e~ — > e + e~, (e + e~ — ► ff, with f / e), we identify four-fermion events 
from s-channel diagrams as part of the fermion-pair signal if they satisfy m f j > m FF - and m^/s > 0.01. 
The second requirement is common to our definition of the fermion-pair signal phase space. All other 
four-fermion events arising from s-channel diagrams failing these requirements, as well as those from 
t-channel diagrams and the two photon process, are regarded as background. 

In case of e + e~ — * e + e~, four-fermion final states are considered as signal if the final-state electron- 
pair meets the normal requirements for the e + e~ — > e + e~ signal in terms of electron energy, acollinear- 
ity and electron polar angle. Here, four-fermion events from t-channel diagrams are treated as signal. 
In principle even contributions from Figure ^(e) where the lower boson is a virtual Z are considered 
as signal. The number of such events falling within our ideal acceptance, however, is negligible. 

Including four-fermion events leads to a correction of the effective signal efficiency of 



where a is the total cross-section for ff production including the effects of pair-production, and c f j F p 
is the cross-section for four-fermion events ffFF defined as signal. The selection efficiency calculated 




(34) 
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using the fermion-pair Monte Carlo is denoted by e f j, and the selection efficiency calculated for the 
four-fermion signal contributions is £ f j F p. 

We expect the largest effect in the case of the e + e~ — > fJ- + ^ selection, where the requirement 
that the number of tracks be exactly two explicitly excludes all the visible four-fermion final states, 
even those which need to be counted as part of the signal. Here we find that the efficiency for signal 
four-fermion final states is typically 20-30% for e + e~ — > fi + fx + fi~ , /U+^qq, ji + [i~t + t~ , and about 
80% for e + e~ — > /x + /i~e + e~, but the resulting correction to the e + e~ — ► efficiency is only 

about 0.1%. Background from the i-channel diagrams gives a very small contribution of 2xl0~ 5 , and 
background four-fermion events from s-channel diagrams give an even smaller contribution. We find 
a correction of similar size for the e + e~ — > t + t~ selection. 

In the e + e~ — * e + e~ selection no tight multiplicity requirement is made. The efficiency for signal 
four-fermion events is found to be high (over 90%). As a result, the efficiency correction is nearly 
cancelled by the small background contributions, and no overall correction due to four-fermion final 
states is necessary. In the case of e + e~ — > qq the event selection is very inclusive so that there is 
no notable effect on the efficiency. We subtract a very small four-fermion background contribution of 
0.4 x 10" 4 . 

The theoretical programs ZFITTER and TOPAZ0 which we use to compute expected cross-sections 
and asymmetries treat pair radiation inclusively in the pair mass and do not include contributions 
from virtual Z bosons. Therefore the four-fermion signal definition as described here cannot be exactly 
mapped to these calculations, e.g. the separation between signal and background based on the mass 
of the pairs is not made in these programs. However the differences are quantitatively negligible [fT7[| . 

A. 2 Initial-final state interference 

The effect of interference between initial and final state photon radiation is in general strongly sup- 
pressed at the Z resonance. In view of the high precision measurements presented here, however, we 
studied several possible effects. The main effect of initial-final state interference is a change in the 
angular distribution, proportional to the value of the differential cross-section, but of opposite sign in 
the forward and backward hemispheres, giving an increasing effect towards cos# = ±1. The size of 
the effect depends on the cuts, mainly on s' or ni£f in general the tighter the cut on the energy of 
radiated photon, the larger the effect. 

Initial-final state interference is not included in the Monte Carlo event samples used to calculate the 
event selection efficiency for the e + e~ — > qq, n + [J.~ , or t + t~ processes, while it is included in our use 
of ZFITTER. We therefore do not remove its effects in our measured cross-sections and asymmetries 
but need to make small corrections to our calculated selection efficiencies to account for its absence in 
the Monte Carlo samples. Since the major source of the event selection inefficiency is due to limited 
angular acceptance near | cos#| = 1 and reduced acceptance at small s'(mei), the missing initial-final 
state interference in these Monte Carlo samples can cause some bias in the acceptance extrapolation. 

The effect of this missing initial-final state interference was evaluated using the program ZFITTER, 
for which this effect can be switched on and off. To incorporate the event selection efficiency in the 
calculation, a matrix of efficiency resolved in bins of cos 9 and the invariant mass of the final state 
lepton pair, mf e , was calculated using the KORALZ Monte Carlo sample. The expected observed 
cross-section was obtained by multiplying the efficiency in each bin by the corresponding differential 
cross-section calculated using ZFITTER, and then summing over the full phase space. The overall 
efficiency was calculated as the ratio of the observed to the total cross-section. Two calculations were 
performed, one with and one without initial-final state interference, and the two results compared. 

For both e + e~ — ► /i + \i~ and e + e~ — ► r + r~ the effect of missing initial-final state interference is 
found to be small (at 10 -4 level) as a result of the large acceptance (in both cos 9 and m| £ ) of both 
these selections. For e + e~ — ► qq, the effect of initial-final state interference is more complicated to 
calculate due to the presence of a mixed QED and QCD parton shower in the final state. The size of 
the effect is strongly suppressed, however, by the almost complete acceptance of the e + e~ — > qq event 
selection in both cos 9 and s' (the selection inefficiency is only 0.5%), as well as the smaller size of the 
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quark charges. Without considering the effect of the parton shower, we evaluated the effect to be less 
than 10 -5 , which we neglect. 

In the e + e~ — * e + e~ selection, the experimental acceptance and ideal kinematical acceptance are 
very close. No appreciable phase-space extrapolation which could introduce a significant correction 
for the effect of initial-final state interference is needed. Therefore no correction is applied to the 
e + e~ — * e + e~ selection efficiency. 



B t-channel contributions to e + e — > e + e 

For the reaction e + e~ — * e + e~ not only s-channel annihilation but also the t-channel exchange of 7 
and Z contribute. Since our primary fitting program (ZFITTER) includes only s-channel processes an 
external correction is needed to account for the contributions from t-channel exchange diagrams and 
their interference with the s-channel. To ensure a consistent treatment of the s-channel in all final 
states we continue to calculate the e + e~ — > e + e~ s-channel terms using ZFITTER, but proceed as 



follows. We use the program ALIBABA [31 to calculate the SM prediction for both the pure s-channel 
and the full s+t channel, separately for forward and backward cross-sections. The contributions from 
t-channel and s-t interference are obtained by subtracting the ALIBABA s-channel cross-section from 
the full ALIBABA s+t cross-section, fp^g^ — < ^"f(b)~'~ — ^f(b) - these t and s-t contributions we then 
add the s-channel cross-sections calculated with ZFITTER (a F F,s , d^' 8 ) to obtain the predictions for 
the total cross-section and asymmetry: 

ZF,s . Ah.t , ZF,s . AL,t 
dee = dp ' +CT F ' +(T B ' +CJ B ' 

/ ZF.s . AL,t\ / ZF,s . AL,t\ 
A ee _ (°F + a F ) ~ ( a B + °~B ) /or\ 
FB - . ZF,s . AL,t\ . / ZF,s . AL,t\ ' 



The separation into forward and backward cross-sections ensures a correct propagation of errors to 
the fitted s-channel observables R e and A F ' B . The non s-channel contributions lead to a statistical 
correlation of —11 % between R e and A FB . 

The size of the t-channel corrections changes rapidly as a function of centre-of-mass energy, since 
the s-t interference is proportional to \fs — mz in the vicinity of the Z pole. We therefore parametrise 
the corrections £7p L,t and Cg L '* as a function of (y/s — mz) in order to account for their variation as 
mz converges in the fit. In this way our results for R e and A FB properly respect the uncertainty of 
our fitted mz and the corresponding correlations. However, one should note a subtle side effect of 
this treatment. When lepton universality is assumed in the fit the measurement of a ee at the peak 
contributes to the determination of mz- The imposition of lepton universality introduces a tension 
in the fit since fluctuations induce discrepancies between the measured and predicted cross-sections 
for each lepton species at the peak point. This tension can be relaxed in the case of the electron 
cross-section by shifting mz since the non-s contributions in the electron channel have a non-zero 
slope with energy at the pole. This effect is responsible for the shift of 0.5 MeV of mz between the 
fits with and without lepton universality (Section 11. 2| ). 



Theoretical uncertainties of the t-channel correction have been estimated in J7g] and the uncertain- 
ties in the forward and backward cross-section have also been determined separately [7^| . Adjusting 
these estimates to the smaller angular acceptance used in our e + e~ selection results in the uncertain- 



ties listed in Table 44 which are separated into three classes according to the centre-of-mass energy 



(below, at and above the peak). For the fit these uncertainties are translated into the corresponding 
uncertainties of the measured a ee and A F e B and included in the covariance matrix. It is not known to 
what extent the errors between the energy points and the forward-backward regions are correlated. 
We tested several possibilities - uncorrelated, fully correlated and fully anti-correlated - and found 
that our fitted parameters are insensitive within the effective t-channel errors to the scenario chosen. 
For the results presented here we assumed no correlation between forward and backward regions, full 
correlation between data points within each centre-of-mass energy class and no correlation between 
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data points of different classes. The effective i-channel theory uncertainties on R e and Apg amount 
to 0.027 and 0.0015, respectively, with a correlation of —0.85. Overall, statistical errors and the 
theoretical t-channel uncertainties lead to a correlation of —0.20 between R e and A^. 

C Fit covariance matrix and energy spread corrections 

For all our fits we perform a \ 2 minimisation using the MINUIT |6^] package. The \ 2 ls defined as 

X 2 = A T C- 1 A, (36) 

where A is the vector of residuals between the measured and predicted cross-sections and asymme- 
tries and C is the covariance matrix describing the statistical and systematic uncertainties of the 
measurements and their correlations. In total we have 211 measured points, 124 cross-sections and 
87 asymmetries. Therefore 22366 components C{j need to be determined to specify the full matrix C. 
Due to the large variety of error sources entering the measurements and non-trivial correlations, the 
construction of the covariance matrix is a rather complex task. In general, each dj is composed of 

Q £isel,stat _|_ £flumi,stat . £-ysel,syst _|_ q lumi,syst . (jt— chan , qE ciu . (j$E (37) 

The elements Cj XX are in general constructed from 'small' covariance matrices y xx , which describe 
the year, energy point and final state dependencies. In the following we give a brief overview of how 
each uncertainty is treated. The indices i and j refer to the 211 measured points; k and I to the 
specific element in the V matrices. So the notation a\ refers to the i-th cross-section which is related 
to the row or column k in the matrix V. 

Statistical errors of the cross-sections (<7j) are determined by the number of selected events, iV se i, 
and corrected for estimated background, N^ g . They enter only the diagonal elements 



s-, seLstat 

Luminosity statistical errors are common to all cross-sections for a specific running period. They are 
calculated as 

^ lumi,stat / r lumi,stat\ 2 k k / n\ 

= {5 k ) at (Tj , (39) 

where ^ umi,stat j s the relative statistical luminosity error and af j refers to the four cross-sections in 
each running period k. 

Systematic errors from the event selection affect mostly a specific final state. A large fraction of 
this error is fully correlated but there are also components which are independent or only partially 
correlated for different running periods or energy points. Therefore these errors are themselves specified 
in a covariance matrix of relative errors, V scl . We use three such matrices, one for the hadron cross- 
sections (Table |17]), one for the three leptonic cross-sections (Tables |i~8|-pl|), an d one for the three 
lepton asymmetries (Table |25|) . In this way correlations among the three lepton species are accounted 

r ^~,sel,syst ■ ■ i 

for. ' is given by 

C,f ' syst = V k f a a\ a\ or C^' syst = V k f' A ™ . (40) 

There is no correlation between the experimental errors for the cross-sections and those for the asym- 
metries. 

Luminosity errors include the experimental systematics and the theoretical uncertainties of the 
luminosity measurement. They affect all cross-section measurements, but similar to the selection 
errors there are components which are only partially correlated between running periods or energy 
points. Therefore a covariance matrix of relative luminosity errors, V lumi , is also used (Table |T 

r-dumijSyst T /lumi k I 
C ii = V kl °i Vj ■ 
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t-channel errors refer to the theoretical uncertainty in the £-channel correction for e + e~ cross- 
sections and asymmetries. These are specified in terms of forward and backward cross-sections, Ac F 
and Acjb (Table ^4[). Different data points are only correlated if both energies are either below, at, or 



above the peak (Appendix O). 



Then 
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(41) 



FB / a k \2 



tree 



Centre-of-mass energy errors have been determined in [ 43 1 and are specified as a covariance 
matrix V Ecm (see Tables 13 and 14). They are transformed into the corresponding cross-section or 
asymmetry errors using the derivatives 



C 



kl dE dE 



(O = a or >1fb) 



(42) 



The slopes dcr/dE 1 and dAp^/dE are determined numerically using ZFITTER (fx ZF ) in an iteration 
during the fit. For cross-sections the dependence of the luminosity on the centre-of-mass energy must 
also be taken into account. Since this is a tiny effect it is sufficient to consider only the dominant 
1/E 2 dependence of the low-angle Bhabha cross-section, neglecting small distortions due to the 7/Z 
interference. Combining the predicted slope and the luminosity dependence yields 



dE 



d^ ZF 2 gj 
dE Ei ' 



(43) 



Beam-energy spread of the electrons and positrons in LEP leads to a dispersion of the centre-of- 
mass energy with a width 6e cib ~ 50 MeV. Therefore the measured cross-sections and asymmetries 
do not correspond to a sharp energy, Ei, but form a weighted average around Ei ± #E cm which can be 
shifted from the value exactly at Ei. A similar effect is caused by the fact that many LEP fills are 
combined for each data point. These fills are not at precisely the same energy but scatter by typically 
10 MeV around the average. Moreover, within a fill the energy also varies by several MeV. These two 
effects need to be added in quadrature with the intrinsic LEP #E cm . Correction terms are determined 
according to 



A spr 



A spr 

^FB 



d 2 CT 
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dE 2 

ld 2 yl F B 1 dcr dA FB 
2 dE 2 + adE dE 



(44) 



r2 



and added to the measured Ui and A FB . The first and second derivatives of a and Ap B are again 
determined numerically with ZFITTER during the fit. 

The spread 5e ciu has typically an uncertainty of about 1.2 MeV, which is largely correlated between 
years and energy points and specified in detail in the energy spread covariance matrix V Se (Table |l|). 
It enters the fit covariance matrix as 



4 A spr A spr 



V, 



s E 



ki 



3 8% S l F 

-tvcm -tvcm 



(45) 



A^ pr refers to the corrections A^P r and A^ r in Equation [44|. 
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D S-Matrix results 



The S-Matrix formalism [58 is an alternative phenomenological approach to describe the s-channel 
reaction e + e~ — > ff by the exchange of two spin-1 bosons, a massless photon and a massive Z boson. 
The lowest-order total cross-section, cr? t , and forward-backward asymmetry, are given as: 



—7ra 
3 



2L + 



jf(s — m|) +rf s 



m|) 2 + m|r 



for a = tot, fb 



3#) 
4 



(46) 
(47) 



where y/s is the centre-of-mass energy. The S-Matrix ansatz uses a Breit-Wigner denominator with 
s-mdependent width for the Z resonance, s — m| + imzTz. As discussed in Section |10.2| the two 
Breit-Wigner forms with s-independent width and s-dependent width, respectively, are equivalent. 
They differ only in that the definition of the mass and width, mz and Tz are shifted with respect to 
mz and Tz- Note that in order to avoid confusion with different definitions we quote values for mz 
and Tz, rather than mz and Tz, by applying the respective transformations. 

The S-Matrix parameters rf, jf and which are real numbers, describe the Z exchange, 7Z 
interference and photon exchange contributions, respectively. For the latter (<#) the QED prediction 
is in general used. The parameters rf and jf are identical at tree-level to the C-parameters introduced 



in Section 10.1, apart from constant factors: 



„tot 

r f 

•tot 



k 2 ci 

2re C; 



zz 



„fb 

r f 

3l 



Ak 2 C, 

2kQ 



zz 



7Z 



(48) 



where re 



Gpm| 



1.50. When radiative corrections are considered the relation is less direct; the S- 



Matrix parameters absorb by definition all electroweak and final state corrections. Further differences 
are caused by the treatment of the imaginary components in a(m|) and the couplings Qa{ and Qvi- 

In the S-Matrix approach the qq final states are also parametrised in terms of r q and j q . For the 
inclusive hadronic final state these are summed over all colours and open quark flavours to yield the 
corresponding parameters r^ad and jhad- The results of the full fit with 16 parameters are given in 
Table The 12 parameters describing the three lepton flavours are consistent with lepton universality 
and we find overall good agreement with the SM expectations. The interpretation suffers, however, 
from the large correlations between the fitted parameters (Table |46| ). As discussed in Section 11.1 
the precision of the fitted mz is much reduced when the hadronic interference, j'hadj is treated as a fit 
parameter; the correlation coefficient between mz and jhad is —0.96. For comparison, we performed 
a fit with the hadronic interference fixed to the SM prediction. The results are shown in Table 
This parametrisation is in practice equivalent to the C-parameters (Table |26| ); we transformed the 
C-parameters into S-Matrix parameters, accounting for the differences in the treatment of radiative 
corrections, and obtained consistent results at the level of 1-2% of the errors. 
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Year 


Data 




fCdt 


iVhad 


iVee 


AW 


N TT 




sample 


(GeV) 


(pb- 1 ) 












peak— 3 


88.22 


0.5 


2229 


169 


109 


81 




peak— 2 


89.23 


0.6 


5322 


306 


231 


214 




peak— 1 


90.23 


0.4 


7045 


320 


316 


221 


1990 


peak 


91.22 


3.5 


103664 


3363 


4834 


3563 




peak+1 


92.21 


0.5 


10412 


271 


527 


364 




peak+2 


93.22 


0.6 


6848 


203 


308 


260 




peak+3 


94.22 


0.6 


4373 


128 


202 


161 




prescan 


91.25 


5.1 


156592 


5624 


7563 


6059 




peak— 3 


88.48 


0.7 


3646 


297 


176 


166 




peak— 2 


89.47 


0.8 


7991 


451 


363 


289 




peak— 1 


90.23 


0.9 


16011 


683 


744 


569 


1991 


peak 


91.22 


3.0 


92025 


3365 


4422 


3603 




peak+1 


91.97 


0.8 


20353 


566 


916 


734 




peak+2 


92.97 


0.6 


8356 


325 


478 


436 




peak+3 


93.72 


0.9 


9404 


284 


404 


359 


1992 


peak 


91.30 


24.9 


733059 


23998 


32492 


27036 


1990-1992 


Total 




44.4 


1187330 


40353 


54085 


44115 




prescan(a) 


91.14 


0.3 


9905 


345 


454 


370 




prescan(b) 


91.32 


5.3 


162218 


5256 


7139 


6002 


1993 


peak— 2 


89.45 


8.5 


85727 


4595 


3884 


3336 




peak 


91.21 


8.8 


265494 


8766 


10871 


9712 




peak+2 


93.04 


9.0 


125320 


3549 


5521 


4612 




peak(ab) 


91.22 


50.1 


1520277 


49142 


67791 


55886 


1994 


peak(c) 


91.43 


0.4 


11255 


345 


500 


381 




peak(d) 


91.22 


2.3 


69062 


2170 


3060 


2478 




prescan(a) 


91.80 


0.2 


5941 


178 


259 


191 




prescan(b) 


91.30 


9.9 


300676 


9642 


13401 


11049 


1995 


peak— 2 


89.44 


8.4 


84236 


4407 


3768 


3185 




peak 


91.28 


4.6 


140749 


4623 


6338 


5262 




peak+2 


92.97 


8.9 


127707 


3651 


5696 


4876 


1993-1995 


Total 




116.7 


2908566 


96669 


128682 


107340 


Grand 


Total 




161.1 


4095896 


137022 


182767 


151455 



Table 1: Summary of the data samples used for the cross-section measurements, showing the numbers 
of selected events for each final state at each energy point and the integrated luminosities (/ C dt) 
for the e + e~ — > qq analyses. The integrated luminosities for the other final states vary within about 
1% due to different requirements on the status of the detector performance for the various event 
selections. For the leptonic forward-backward asymmetry measurements the data samples available 
for analysis are generally larger since there is no reliance on the operation of the luminometers. The 
peak data from 1994, and from the 1993 and 1995 prescan data samples, have been divided into subsets 
corresponding to data-taking periods characterised by significantly different mean values of y/s. 
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Measurement 


process 


^min(GeV) 


/imax 
^acol 


COS 6^- max 


(s / s)min 


(?Ti^.-/s) mm 




e + e~ — > qq 






1.00 


0.01 




cross-sections 


e + e~ — > 






1.00 




0.01 




e + e~ — > t + t~ 






1.00 




0.01 




e + e~ — > e + e~ 


0.2 


10° 


0.70 








e + e~ — > e + e~ 


0.2 


10° 


0.70 






asymmetries 


e + e~ — > 


6.0 


15° 


0.95 








e + e~ — > t + t~ 


6.0 


15° 


0.90 







Table 2: The measured cross-sections and asymmetries are corrected to correspond to ideal regions of 
phase-space adapted to theoretical calculations. The phase-space is defined by the maximum | cos 9 f - \ 
in which the fermion must fall, and, either the minimum final-state energy fraction, or a combined 
requirement on the minimum fermion energy, £' m i n (GeV), and #™of where # aco i is the acollinearity 
angle of the fermion pair, defined as 180° — a, where a is the opening angle between the directions of 
the two fermions. The final-state energy fraction is defined in terms of either the squared centre-of- 
mass energy available after initial-state radiation, (s'/s), or the final-state fermion pair mass squared, 
(m?j/s). The symbol (— ) indicates that no requirements are made on the indicated quantity. 
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1993 


1994 


1995 




peak 


-2 


peak 


peak+2 


peak 


peak 


-2 


peak 


peak+2 




/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 






(%) 




(%) 




(%) 




(%) 




(%) 




(%) 




(%) 


e + e — » qq Monte Carlo 


1.00481 


0.011 


1.00481 


0.011 


1.00481 


0.011 


1.00481 


0.011 


1.00481 


0.011 


1.00481 


0.011 


1.00481 


0.011 


ISR effects 


1.00037 


0.030 


0.99997 


0.003 


1.00007 


0.010 


0.99997 


0.003 


1.00037 


0.030 


0.99997 


0.003 


1.00007 


0.010 


Acceptance 






























Hadronisation 


1.00055 


0.048 


1.00055 


0.048 


1.00055 


0.048 


1.00055 


0.048 


1.00055 


0.048 


1.00055 


0.048 


1.00055 


0.048 


Detector simulation 


0.99960 


0.040 


0.99960 


0.040 


0.99960 


0.040 


0.99960 


0.040 


0.99960 


0.040 


0.99960 


0.040 


0.99960 


0.040 


Detector performance 


1.00008 


0.020 


1.00008 


0.020 


1.00008 


0.020 


1.00008 


0.020 


1.00058 


0.047 


1.00058 


0.047 


1.00058 


0.047 


Corrected Acceptance 


1.00542 


0.071 


1.00501 


0.066 


1.00511 


0.067 


1.00501 


0.066 


1.00593 


0.083 


1.00551 


0.079 


1.00561 


0.079 


Backgrounds 






























e + e~ — > t + t~ 


0.99841 


0.020 


0.99841 


0.020 


0.99841 


0.020 


0.99841 


0.020 


0.99841 


0.020 


0.99841 


0.020 


0.99841 


0.020 


Non-resonant 






























(0.051 ± 0.007 nb) 


0.99490 


0.070 


0.99833 


0.023 


0.99637 


0.050 


0.99833 


0.023 


0.99490 


0.070 


0.99833 


0.023 


0.99637 


0.050 


Four fermion 


0.99994 


0.004 


0.99996 


0.003 


0.99992 


0.006 


0.99996 


0.003 


0.99994 


0.004 


0.99996 


0.003 


0.99992 


0.006 


e + e~ — > e + e~ plus 






























Cosmics 


0.99988 


0.009 


0.99996 


0.003 


0.99992 


0.006 


0.99996 


0.003 


0.99988 


0.009 


0.99996 


0.003 


0.99992 


0.006 


Background Sum 


0.99314 


0.073 


0.99666 


0.031 


0.99463 


0.055 


0.99666 


0.031 


0.99314 


0.073 


0.99666 


0.031 


0.99463 


0.055 


Total Correction 


0.99852 


0.102 


1.00166 


0.073 


0.99971 


0.086 


1.00166 


0.073 


0.99902 


0.111 


1.00216 


0.085 


1.00021 


0.096 



Table 3: Summary of the correction factors, /, and their relative systematic errors, Af/f, for the e + e~ — > qq cross-section measurements. These 
numbers, when multiplied by the number of events actually selected, give the number of signal events which would have been observed in the ideal 
acceptance described in Table 2. ISR effects encompass the off-peak acceptance change due to initial-state radiation and the contamination from 
events with s'/s < 0.01. Hadronisation refers to the full correction and uncertainty resulting from the acceptance hole emulation (Table 4). The 
error correlation between the energy points and data-taking years is specified in Table 17. 





Uncertainty (xlO 4 ) 


Residual hadronisation model dependence: 




Inefficiency correction 


2.3 


Inefficiency from barrel region 


2.2 


Adjustment of cut variables 


1.5 


Change of ECAL acceptance radius 


0.4 


Barrel detector simulation 


3.3 


Total 


4.8 



Table 4: Systematic errors on the selection inefficiency for e + e — > qq events arising from uncertainties 
of the acceptance hole emulation. 
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1993 


1994 


1995 




peak— 2 


peak 


peak+2 


peak 


peak— 2 


peak 


peak+2 




/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 






(%) 




(%) 




(%) 




(%) 




(%) 




(%) 




(%) 


Monte Carlo 






























e + e~ — > e + e~ Monte Carlo 


1.0063 


0.06 


1.0056 


0.02 


1.0061 


0.04 


1.0056 


0.02 


1.0063 


0.06 


1.0056 


0.02 


1.0061 


0.04 


Acceptance Correction 






























Electromagnetic energy 


1.0009 


0.10 


1.0009 


0.10 


1.0009 


0.10 


1.0022 


0.07 


1.0017 


0.09 


1.0017 


0.08 


1.0017 


0.09 


Electron identification 


1.0025 


0.08 


1.0025 


0.08 


1.0025 


0.08 


1.0026 


0.05 


1.0031 


0.08 


1.0031 


0.08 


1.0031 


0.08 


Acceptance definition 


1.0000 


0.14 


1.0000 


0.09 


1.0000 


0.10 


1.0000 


0.09 


1.0000 


0.14 


1.0000 


0.09 


1.0000 


0.10 


Low multiplicity 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


Other Corrections 






























Four-fermion events 


1.0000 


0.03 


1.0000 


0.02 


1.0000 


0.03 


1.0000 


0.02 


1.0000 


0.03 


1.0000 


0.02 


1.0000 


0.03 


Signal Correction 


1.0098 


0.20 


1.0091 


0.16 


1.0096 


0.17 


1.0105 


0.13 


1.0112 


0.20 


1.0105 


0.15 


1.0110 


0.17 


Backgrounds 






























e + e~ — > t + t~ 


0.9982 


0.04 


0.9968 


0.06 


0.9965 


0.07 


0.9968 


0.06 


0.9982 


0.04 


0.9968 


0.06 


0.9965 


0.07 


e + e~ — > 77 


0.9999 


0.01 


0.9999 


0.01 


0.9999 


0.02 


0.9999 


0.01 


0.9999 


0.01 


0.9999 


0.01 


0.9999 


0.02 


e^e — ► qq 


0.9999 


0.01 


0.9999 


0.02 


0.9998 


0.02 


0.9999 


0.02 


0.9999 


0.01 


0.9999 


0.02 


0.9998 


0.02 


e+e" -► e + e"£ + £- 


1.0000 


0.01 


1.0000 


0.01 


1.0000 


0.01 


1.0000 


0.01 


1.0000 


0.01 


1.0000 


0.01 


1.0000 


0.01 


Background Correction 


0.9979 


0.04 


0.9966 


0.06 


0.9961 


0.08 


0.9966 


0.06 


0.9979 


0.04 


0.9966 


0.06 


0.9961 


0.08 


Total Correction Factor 


1.0078 


0.21 


1.0057 


0.17 


1.0057 


0.19 


1.0071 


0.14 


1.0091 


0.20 


1.0070 


0.16 


1.0070 


0.18 



Table 5: Summary of the correction factors, /, and their relative systematic errors, A///, for the e + e~ — > e + e~ cross-section measurements. The 
Monte Carlo correction factor corresponds to the efficiency for events within the ideal phase space definition. The factors listed under acceptance 
corrections take into account the observed discrepancies between the data and Monte Carlo. The total correction factor, when multiplied by the 
number of events actually selected, gives the number of signal events which would have been observed in the ideal acceptance described in Table 2. 
The error correlation matrix is given in Table 18. 





f993 


1994 


1995 




peak— 2 


peak 


peak+2 


peak 


peak— 2 


peak 


peak+2 




/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 






(%) 




(%) 




(%) 




(%) 




(%) 




(%) 




(%) 


Monte Carlo 






























e + e~ — ► n + n~ Monte Carlo 


f.0995 


0.10 


1.0955 


0.07 


1.0986 


0.10 


1.0948 


0.04 


1.1032 


0.12 


1.0970 


0.05 


1.1001 


0.10 


s' cut correction 


0.9971 


— 


0.9990 


— 


0.9980 


— 


0.9990 


— 


0.9971 


— 


0.9990 


— 


0.9980 


— 


Initial/final state interference 


1.0003 





1.0002 





1.0001 


_ 


1.0002 


_ 


1.0003 





1.0002 





1.0001 





Acceptance Correction 






























Tracking losses 


1.0046 


0.06 


1.0046 


0.06 


1.0046 


0.06 


1.0042 


0.04 


1.0043 


0.06 


1.0043 


0.06 


1.0043 


0.06 


Track multiplicity cuts 


0.9999 


0.05 


1.0007 


0.04 


1.0000 


0.04 


1.0004 


0.02 


1.0007 


0.09 


1.0010 


0.04 


1.0013 


0.08 


Muon identification 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0015 


0.04 


1.0000 


0.06 


1.0000 


0.06 


1.0000 


0.06 


Acceptance definition 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


Other Corrections 






























Trigger efficiency 


1.0006 


0.02 


1.0006 


0.02 


1.0006 


0.02 


1.0005 


0.02 


1.0002 


0.02 


1.0002 


0.02 


1.0002 


0.02 


Four-fermion events 


1.0009 


0.01 


1.0011 


0.01 


1.0011 


0.01 


1.0011 


0.01 


1.0009 


0.01 


1.0011 


0.01 


1.0011 


0.01 


Signal Correction 


1.1032 


0.17 


1.1022 


0.15 


1.1034 


0.17 


1.1024 


0.09 


1.1071 


0.18 


1.1034 


0.12 


1.1056 


0.16 


Backgrounds 






























e + e~ — > t + t~ 


0.9914 


0.02 


0.9914 


0.02 


0.9914 


0.02 


0.9903 


0.04 


0.9905 


0.02 


0.9905 


0.02 


0.9905 


0.02 


1 1 1 

e^e — > e T e 


0.9988 


0.01 


0.9995 


0.01 


0.9991 


0.01 


0.9996 


0.01 


0.9987 


0.01 


0.9995 


0.01 


0.9990 


0.01 


Cosmic rays 


0.9998 


0.02 


0.9998 


0.02 


0.9998 


0.02 


0.9998 


0.02 


0.9997 


0.02 


0.9997 


0.02 


0.9997 


0.02 


Background Correction 


0.9900 


0.03 


0.9907 


0.03 


0.9903 


0.03 


0.9897 


0.05 


0.9889 


0.03 


0.9897 


0.03 


0.9892 


0.03 


Total Correction Factor 


1.0922 


0.17 


1.0920 


0.16 


1.0927 


0.17 


1.0910 


0.10 


1.0948 


0.18 


1.0920 


0.12 


1.0937 


0.17 



Table 6: Summary of the correction factors, /, and their relative systematic errors, A///, for the e + e~ — ► fi + pT cross-section measurements. 
These numbers, when multiplied by the number of events actually selected, give the number of signal events which would have been observed in the 
ideal acceptance described in Table 2. The effects tracking losses, track multiplicity cuts and muon identification were, in principle, simulated by 
the Monte Carlo. The quoted corrections were introduced to take into account the observed discrepancies between the data and Monte Carlo for 
these effects. The error correlation matrix is given in Table 19. 





1993 


1994 


1995 




peak— 2 


peak 


peak+2 


peak 


peak— 2 


peak 


peak+2 




/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 


/ 


A/// 






(%) 




(%) 




(%) 




(%) 




(%) 




(%) 




(%) 


Monte Carlo 






























e + e~ — > t + t~ Monte Carlo 


1.3384 


0.22 


1.3302 


0.09 


1.3388 


0.19 


1.3302 


0.09 


1.3384 


0.22 


1.3302 


0.09 


1.3388 


0.19 


s' cut correction 


0.9976 





0.9992 





0.9984 





0.9992 





0.9976 





0.9992 





0.9984 





Initial/final state interference 


1.0005 





1.0004 





1.0001 





1.0004 





1.0005 





1.0004 





1.0001 





Acceptance Correction 






























Multiplicity cuts 


1.0018 


0.16 


1.0017 


0.16 


1.0019 


0.17 


1.0049 


0.14 


1.0021 


0.16 


1.0021 


0.16 


1.0022 


0.17 


Acollinearity and cone cuts 


0.9999 


0.25 


1.0002 


0.23 


1.0007 


0.28 


1.0034 


0.19 


1.0008 


0.25 


1.0008 


0.23 


1.0012 


0.28 


Definition of cos 6 T 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


e + e~ — > e + e~ rejection 


1.0037 


0.25 


1.0038 


0.26 


1.0037 


0.25 


1.0068 


0.23 


1.0044 


0.25 


1.0045 


0.26 


1.0043 


0.25 


e + e~ — > rejection 


0.9997 


0.08 


0.9997 


0.08 


0.9997 


0.08 


0.9998 


0.05 


0.9993 


0.08 


0.9994 


0.08 


0.9993 


0.08 


e + e~ — > e + e _ £ + ^~ rejection 


1.0019 


0.12 


1.0018 


0.11 


1.0019 


0.12 


1.0014 


0.07 


1.0000 


0.10 


1.0000 


0.10 


1.0000 


0.10 


Cosmic ray cuts 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


1.0001 


0.01 


Combinations of cuts 


1.0000 


0.09 


1.0000 


0.08 


1.0000 


0.10 


1.0000 


0.08 


1.0000 


0.09 


1.0000 


0.08 


1.0000 


0.10 


Other Corrections 






























Trigger efficiency 


1.0002 


0.01 


1.0002 


0.01 


1.0002 


0.01 


1.0002 


0.01 


1.0002 


0.01 


1.0002 


0.01 


1.0002 


0.01 


Tau branching ratios 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


1.0000 


0.05 


Four-fermion events 


1.0012 


0.04 


1.0013 


0.04 


1.0018 


0.04 


1.0013 


0.04 


1.0012 


0.04 


1.0013 


0.04 


1.0018 


0.04 


Signal Correction 


1.3473 


0.50 


1.3414 


0.45 


1.3502 


0.51 


1.3536 


0.39 


1.3467 


0.50 


1.3409 


0.44 


1.3490 


0.50 


Backgrounds 






























e + e~ — ► e + e~ 


0.9921 


0.16 


0.9966 


0.07 


0.9963 


0.08 


0.9953 


0.07 


0.9906 


0.16 


0.9959 


0.07 


0.9957 


0.08 


e + e~ — > 


0.9900 


0.12 


0.9902 


0.11 


0.9902 


0.11 


0.9886 


0.09 


0.9892 


0.13 


0.9893 


0.12 


0.9894 


0.13 


e + e~ — ► qq 


0.9961 


0.10 


0.9960 


0.11 


0.9961 


0.10 


0.9960 


0.11 


0.9961 


0.10 


0.9960 


0.11 


0.9961 


0.10 


e+e" -► e + e"£ + ^- 


0.9848 


0.22 


0.9948 


0.07 


0.9893 


0.16 


0.9943 


0.07 


0.9838 


0.22 


0.9947 


0.07 


0.9887 


0.16 


Four-fermion 


0.9991 


0.02 


0.9994 


0.02 


0.9993 


0.02 


0.9994 


0.02 


0.9991 


0.02 


0.9994 


0.02 


0.9993 


0.02 


Cosmic rays 


0.9991 


0.05 


0.9997 


0.02 


0.9994 


0.04 


0.9996 


0.02 


0.9993 


0.06 


0.9998 


0.02 


0.9996 


0.04 


Background Correction 


0.9618 


0.32 


0.9768 


0.19 


0.9708 


0.24 


0.9733 


0.18 


0.9587 


0.32 


0.9752 


0.19 


0.9690 


0.25 


Total Correction Factor 


1.2960 


0.59 


1.3105 


0.48 


1.3108 


0.56 


1.3178 


0.42 


1.2913 


0.59 


1.3077 


0.48 


1.3074 


0.56 



Table 7: Summary of the correction factors, /, and their relative systematic errors, A///, for the e + e~ — ► r + r _ cross-section measurements. These 
numbers, when multiplied by the number of events actually selected, give the number of signal events which would have been observed in the ideal 
acceptance described in Table 2. The error correlation matrix is given in Table 21. 







v^(GeV) 


e + e — > qq cross-section (nb) 


Sample 


mean 


rms 


measured 


corrected 


fit 




peak-3 


88.2510 


0.0481 


4.669 + 0.110 


4.667 


4.605 




peak-2 


89.2510 


0.0490 


8.501 + 0.130 


8.494 


8.687 




peak-1 


90.2490 


0.0500 


18.899 + 0.281 


18.890 


18.713 


1990 


peak 


91.2440 


0.0510 


30.445 ± 0.130 


30.488 


30.500 




peak+1 


92.2350 


0.0520 


21.400 + 0.271 


21.394 


21.529 




peak+2 


93.2380 


0.0529 


12.434 + 0.180 


12.427 


12.450 




peak+3 


94.2350 


0.0539 


7.947 + 0.130 


7.944 


8.045 




prescan 


91.2540 


0.0471 


30.355 ± 0.099 


30.391 


30.510 




peak-3 


88.4810 


0.0441 


5.326 ± 0.095 


5.323 


5.258 




peak-2 


89.4720 


0.0451 


10.087 + 0.126 


10.080 


10.210 




peak-1 


90.2270 


0.0461 


18.243 + 0.171 


18.234 


18.398 


1991 


peak 


91.2230 


0.0471 


30.370 + 0.129 


30.407 


30.469 




peak+1 


91.9690 


0.0481 


24.603 + 0.215 


24.605 


24.836 




peak+2 


92.9680 


0.0490 


14.058 + 0.178 


14.051 


14.304 




peak+3 


93.7170 


0.0500 


9.916 + 0.115 


9.912 


9.949 


1992 


peak 


91.2990 


0.0520 


30.566 ± 0.045 


30.609 


30.514 




peak-2 


89.4505 


0.0564 


10.053 ± 0.037 


10.042 


10.048 


1993 


peak 


91.2063 


0.0570 


30.352 ± 0.070 


30.407 


30.433 




peak+2 


93.0351 


0.0570 


13.856 ± 0.043 


13.847 


13.808 




peak(ab) 


91.2199 


0.0565 


30.379 ± 0.029 


30.433 


30.463 


1994 


peak(c) 


91.4287 


0.0562 


30.308 ± 0.339 


30.353 


30.163 




peak(d) 


91.2195 


0.0557 


30.598 + 0.138 


30.650 


30.462 




peak-2 


89.4415 


0.0568 


9.989 ± 0.037 


9.978 


9.981 


1995 


peak 


91.2829 


0.0578 


30.559 + 0.097 


30.614 


30.520 




peak+2 


92.9715 


0.0581 


14.282 ± 0.044 


14.272 


14.278 



Table 8: The e + e~ — > qq production cross-section near the Z resonance. The cross-section is corrected 
to the simple kinematic acceptance region defined by s'/s > 0.01. For each data sample, we list here 
the mean yfs of the colliding beams, its root-mean-square (rms) spread, and the observed e + e~ — > qq 
cross-section. The errors shown are statistical only. The cross-section measurements are also shown 
after being corrected for the beam energy spread to correspond to the physical cross-section at the 
central value of ^/s. The fit values are the result of the 9-parameter model-independent fit. 
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^(GeV) 


e + e — > e + e cross-section (nb) 


Q 
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ample 


mean 
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measured 


corrected 


nt 




peak- 3 


qo nrin 

oo.zolU 


0.0481 
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n /17Q^ 
u.4 / yo 




peak-1 


yu.z4yu 
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n si oq 


n 77fi9 
U. / 1 OZ 


1 QQD 




Q1 9/l9n 

yi.Z4ZU 


n n^i n 

U.UD1U 


i ni on 4- n m sn 

1.U1ZU ± U.UloU 


1 ni Q9 


i nn^/i 




pedK-|-i 


no 9QKn 
yz.zoou 


u.uozu 


n Rm n 4- n no.7i 

U.DU1U ± U.Uof 1 


n Knn7 

U.DUU ( 


n Ro.n7 




-r>onlr 1 9 




0^99 


n ^fi^n 4- o 09fii 


^fi48 

U.OU^iO 


°. c i94 






Q/i o^n 
y4.zoou 


u.uooy 


n 9Q1 n -i- n n.91 n 

U.ZolU It U.UZ1U 


n 9^no 


n 9/1 9Q 

u.z4zy 




picbCclIl 


qi o^/in 

yi.ZD4U 


U.U4 1 1 


n Q87K 4- n ni /in 
u.yo id ± u.ui4u 


n Q8SR 

u.yooD 


l.UUoO 




peak-3 


88 481 fl 

OO.'iOlU 


D 0441 


n c i(\ r >'i 4- n n9^Q 

u.ouzo it u.uzoy 


n ^fi99 
u.ouzz 


n ^fi^fi 
u.ouou 




■npplc-9 


qq /i7on 
oy.4 1 zu 


n n/i m 

U.U401 


n ^fi98 -i- n n9sn 

U.OOZo It U.UZoU 


U.OOZO 


n ^989 
U.OZoZ 




peak-1 


on oo7n 
yu. zz <u 


U.U401 


n 7R1 7 4- n n9QQ 

u. < Di / ± u.uzyy 


n 7R1 p. 

U. (DID 


n 7R77 
U. 1 1 ( 


1 QQ1 


peak 


91 2230 


0.0471 


1 0093 ± 0190 


1.0104 


1.0079 




peak+1 


91.9690 


0.0481 


0.6885 ± 0.0300 


0.6884 


0.7422 




peak+2 


92.9680 


0.0490 


0.4165 ± 0.0270 


0.4163 


0.4114 




peak+3 


93.7170 


0.0500 


0.3020 ± 0.0180 


0.3019 


0.2920 


1992 


peak 


91.2990 


0.0520 


1.0062 ± 0.0065 


1.0074 


0.9958 




peak-2 


89.4505 


0.0564 


0.5414 ± 0.0080 


0.5411 


0.5231 


1993 


peak 


91.2063 


0.0570 


1.0064 ± 0.0109 


1.0080 


1.0098 




peak+2 


93.0351 


0.0570 


0.3945 ± 0.0067 


0.3942 


0.3973 




peak(ab) 


91.2197 


0.0565 


1.0047 ± 0.0046 


1.0063 


1.0083 


1994 


peak(c) 


91.4286 


0.0562 


0.9422 ± 0.0512 


0.9434 


0.9635 




peak(d) 


91.2195 


0.0557 


0.9676 ± 0.0210 


0.9691 


1.0083 




peak-2 


89.4415 


0.0568 


0.5260 ± 0.0080 


0.5257 


0.5209 


1995 


peak 


91.2829 


0.0578 


1.0074 ± 0.0150 


1.0089 


0.9988 




peak+2 


92.9715 


0.0581 


0.4088 ± 0.0068 


0.4085 


0.4107 



Table 9: The e + e~ — > e + e~ production cross-section near the Z resonance. The cross-section is 
corrected to the simple kinematic acceptance region defined by | cos# c -| < 0.70 and 9 aco \ < 10°. 
For each data sample, we list here the mean \fs of the colliding beams, its root-mean-square (rms) 
spread, and the observed e + e~ — ► e + e~ cross-section. The errors shown are statistical only. The cross- 
section measurements are also shown after being corrected for the beam energy spread to correspond 
to the physical cross-section at the central value of y/s. The fit values are the result of the 9-parameter 
model-independent fit. 
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pi coCdil 


m o^/in 


U.U4/ 1 


1 /I8^1 -1- 01 89 
1.4O01 It U.UloZ 


i.48oy 


1 A1QA 

1.4/84 




peak- 3 


88 481 


n 0441 


O 031 Q 4- O 0909 

u.zoiy ± u.uzuz 


931 8 
U.Zolo 


9/1^7 
u.zoo / 




peak-2 


on a von 

oy.4 / zu 


U.U401 


n c:i 71 _i_ n no7Q 


n ^1 £7 
U.OlO / 


U.0U04 






nn 097n 

yu. zz /u 


n n/ifii 

U.U4DI 


Q089 4- 03^3 

u.yuoz it u.uooo 


O 0078 

u.yu / 


u.oyoo 


1991 


peak 


91 9930 


0471 


1 48^Q 4- 0939 

i.woy it u.uzoz 


1 4877 


1 47R4 




peak+1 


91.9690 


0.0481 


1 2447 ± 0424 


1.2448 


1.2057 




peak+2 


92.9680 


0.0490 


0.6836 ± 0.0354 


0.6833 


0.6994 




peak+3 


93.7170 


0.0500 


0.4794 ± 0.0242 


0.4792 


0.4899 


1992 


peak 


91.2990 


0.0520 


1.4781 ± 0.0083 


1.4802 


1.4785 




peak-2 


89.4505 


0.0564 


0.4964 ± 0.0081 


0.4959 


0.4956 


1993 


peak 


91.2072 


0.0568 


1.4563 ± 0.0142 


1.4589 


1.4748 




peak+2 


93.0351 


0.0570 


0.6681 ± 0.0091 


0.6677 


0.6755 




peak(ab) 


91.2200 


0.0565 


1.4752 ± 0.0058 


1.4778 


1.4761 


1994 


peak(c) 


91.4286 


0.0562 


1.4786 ± 0.0674 


1.4808 


1.4617 




peak(d) 


91.2195 


0.0557 


1.4762 ± 0.0272 


1.4787 


1.4761 




peak-2 


89.4415 


0.0568 


0.4912 ± 0.0081 


0.4907 


0.4923 


1995 


peak 


91.2827 


0.0578 


1.5085 ± 0.0193 


1.5111 


1.4789 




peak+2 


92.9715 


0.0581 


0.6894 ± 0.0093 


0.6889 


0.6981 



Table 10: The e + e — > production cross-section near the Z resonance. The cross-section is 

corrected to the simple kinematic acceptance region defined by m 2 j/s > 0.01. For each data sample, 
we list here the mean yfs of the colliding beams, its root-mean-square (rms) spread, and the observed 
e + e _ — > cross-section. The errors shown are statistical only. The cross-section measurements 

are also shown after being corrected for the beam energy spread to correspond to the physical cross- 
section at the central value of yfs. The fit values are the result of the 9-parameter model-independent 
fit. 
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v^(GeV) 


e + e — ► r + r 


cross-section (nb) 


Sample 


mean 


rms 


measured 


corrected 


nt 




peak-3 


O O Ol" 1 A 

88.2510 


0.0481 


n oi £o _i_ n no/i ^ 
U.zlOZ ± U.Uz4o 


0.2151 


0.2343 




peak-2 


on ncin 

oy.zOlU 


n c\a on 

u.U4yu 


U.4oU4 ± u.uzyo 


n a Qm 
U.4oUl 


n A 900 

u.4zyy 




peak-1 


yu.z4yu 


n n^nn 

U.UDUU 


n q^98 -i- n n«Qg 
u.yozo it u.uooo 


n q"?9q 
U.yozo 


n en no 
u.yiuy 


1 oon 


peak 


m oa /in 


n nc;i n 
U.UOlO 


1 zL^fifi -1- n 094^ 


1.408/ 


1 A 7£7 

1.4/0/ 






no OQ^n 


n n^on 
U.UOzO 


i n9Q9 -i- n n^^9 
i.uzyz it u.uooz 


i.uzsy 


1 r\A ^n 
l.U40y 




peaK-|-z 


9380 


u.uozy 


n am a 4- n n/inn 

U.OOlo ± U.U4Uy 


U.OOIO 


u.ouy / 




peak+3 


OA OQ^H 


n n^QO 

u.uooy 


n 4nqc; 4- n 0^97 


n AnaA 
U.4Uy4 


n Qocn 

u.oyou 




pi coCdil 


yi.zo4U 


U.U4/ 1 


1 /l Qot; _i_ n ni Q/l 
1.4OZ0 It u.uiy4t 


1 A QA Q 

1.4o4o 


1.4 1 ( L 




peak- 3 


88 481 D 

OO.^AOlU 


n 0441 


n 97fiQ 4- n CtO'iK 

u.z/oy ± u.uzoo 


n 97R8 
U.Z / Do 


u.zooo 




peak-2 


on a von 

oy.4 / zu 


n n/l £i 
U.U401 


484^ 4- 09Q7 


n AQA 1 
U.4841 


u.ouzy 






on oo7n 

yu.zz / u 


n n/ifii 
U.U401 


n s^i 4- n n^fis 

U.OOOl It U.UoOo 


U.OOZ / 


n QO£7 

u.syo / 


1991 


peak 


Q1 99^0 


0471 


i /1Q8/I 4- n no^f; 

1.4004: It U.UZOO 


1 4409 


1 4751 




peak+1 


91.9690 


0.0481 


1 1892 ± 0450 


1.1893 


1.2047 




peak+2 


92.9680 


0.0490 


0.6953 ± 0.0409 


0.6950 


0.6988 




peak+3 


93.7170 


0.0500 


0.4989 ± 0.0276 


0.4987 


0.4895 


1992 


peak 


91.2990 


0.0520 


1.4734 ± 0.0092 


1.4755 


1.4773 




peak-2 


89.4505 


0.0564 


0.5074 ± 0.0092 


0.5069 


0.4951 


1993 


peak 


91.2060 


0.0570 


1.5048 ± 0.0158 


1.5074 


1.4734 




peak+2 


93.0351 


0.0570 


0.6660 ± 0.0102 


0.6656 


0.6750 




peak(ab) 


91.2198 


0.0565 


1.4812 ± 0.0065 


1.4838 


1.4749 


1994 


peak(c) 


91.4286 


0.0562 


1.3708 ± 0.0724 


1.3730 


1.4605 




peak(d) 


91.2195 


0.0557 


1.4477 + 0.0301 


1.4502 


1.4748 




peak-2 


89.4415 


0.0568 


0.4892 ± 0.0091 


0.4887 


0.4919 


1995 


peak 


91.2827 


0.0578 


1.4988 ± 0.0213 


1.5014 


1.4776 




peak+2 


92.9715 


0.0581 


0.7089 ± 0.0105 


0.7084 


0.6976 



Table 11: The e + e — ► r + r production cross-section near the Z resonance. The cross-section is 
corrected to the simple kinematic acceptance region defined by m 2 j/s > 0.01. For each data sample, 
we list here the mean yfs of the colliding beams, its root-mean-square (rms) spread, and the observed 
e + e~ — > t + t~ cross-section. The errors shown are statistical only. The cross-section measurements 
are also shown after being corrected for the beam energy spread to correspond to the physical cross- 
section at the central value of yfs. The fit values are the result of the 9-parameter model-independent 
fit. 
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>/i (GeV) 


input (nb) 


pseudo-cross-sections (nb) 


Sample 


mean 


rms 


e + e~ — ► qq 


e + e — > e + e 


e + e — > n + fi 


e + e — > r + r 


1993 














prescan(a) 


91.1386 


0.0867 


30.176 ±0.306 


1.056 ±0.057 


1.499 ±0.071 


1.444 ± 0.078 


prescan(b) 


91.3211 


0.0566 


30.479 ± 0.076 


0.988 ±0.014 


1.461 ±0.018 


1.471 ± 0.020 


peak 


91.1964 


0.0576 


30.383 ±0.198 


1.024 ±0.036 


1.420 ± 0.045 


1.435 ± 0.050 


1994 














peak(ab) 


91.2183 


0.0568 


30.437 ±0.122 


1.051 ±0.023 


1.469 ±0.028 


1.426 ± 0.031 


1995 














prescan(a) 


91.7990 


0.0568 


26.910 ±0.352 


0.810 ±0.061 


1.278 ±0.080 


1.129 ±0.084 


prescan(b) 


91.3030 


0.0576 


30.501 ±0.056 


0.983 ±0.010 


1.481 ±0.013 


1.463 ± 0.014 



Table 12: For some periods of running at the Z peak a precise luminosity measurement is not 
available. We nevertheless use this data to measure inter-species cross-section ratios. To make these 
data compatible with other cross-section measurements, we fix each e + e~ — ► qq cross-section to its 
expected value, and normalise the cross-sections for the three lepton species measured in the same 
period to this arbitrary hadron cross-section. We term such measurements pseudo-cross-sections, and 
allow the absolute scale of each set of four to float by 10% in the fit using appropriate error matrices. 
For each data sample we list here the mean of the colliding beams, its rms spread, and the observed 
pseudo-cross-sections. The errors shown are statistical only. 
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Centre-of-mass energy errors 











1990 














1991 












-3 


-2 


-1 





+1 


+2 


+3 





-3 


-2 


-1 





+ 1 


+2 


+3 


-3 


193 


194 


195 


196 


197 


198 


199 


6.1 


7.4 


7.0 


6.6 


6.1 


5.7 


5.1 


4.7 


-2 


194 


195 


196 


197 


198 


199 


200 


5.8 


6.7 


6.4 


6.1 


5.8 


5.5 


5.2 


4.9 


-1 


195 


196 


197 


198 


199 


200 


201 


5.5 


5.9 


5.8 


5.6 


5.5 


5.4 


5.2 


5.0 


1990 


196 


197 


198 


199 


200 


202 


203 


5.1 


5.0 


5.1 


5.1 


5.1 


5.2 


5.2 


5.2 


+1 


197 


198 


199 


200 


202 


203 


204 


4.8 


4.0 


4.3 


4.5 


4.8 


5.0 


5.2 


5.4 


+2 


198 


199 


200 


202 


203 


204 


205 


4.4 


2.4 


3.3 


3.8 


4.4 


4.8 


5.2 


5.6 


+3 


199 


200 


201 


203 


204 


205 


206 


4.0 


-1.9 


1.8 


2.9 


3.9 


4.6 


5.3 


5.8 


pre 


6.1 


5.8 


5.5 


5.1 


4.8 


4.4 


4.0 


20.3 


6.6 


6.3 


6.1 


5.8 


5.6 


5.2 


5.0 


-3 


7.4 


6.7 


5.9 


5.0 


4.0 


2.4 


-1.9 


6.6 


9.7 


7.8 


7.3 


6.6 


6.0 


5.2 


4.4 


-2 


7.0 


6.4 


5.8 


5.1 


4.3 


3.3 


1.8 


6.3 


7.8 


8.8 


6.9 


6.3 


5.9 


5.2 


4.6 


-1 


6.6 


6.1 


5.6 


5.1 


4.5 


3.8 


2.9 


6.1 


7.3 


6.9 


8.2 


6.1 


5.7 


5.2 


4.8 


1991 


6.1 


5.8 


5.5 


5.1 


4.8 


4.4 


3.9 


5.8 


6.6 


6.3 


6.1 


7.6 


5.6 


5.2 


4.9 


+1 


5.7 


5.5 


5.4 


5.2 


5.0 


4.8 


4.6 


5.6 


6.0 


5.9 


5.7 


5.6 


7.3 


5.2 


5.1 


+2 


5.1 


5.2 


5.2 


5.2 


5.2 


5.2 


5.3 


5.2 


5.2 


5.2 


5.2 


5.2 


5.2 


7.3 


5.3 


+3 


4.7 


4.9 


5.0 


5.2 


5.4 


5.6 


5.8 


5.0 


4.4 


4.6 


4.8 


4.9 


5.1 


5.3 


7.4 



Table 13: The signed square-root of the covariance matrix elements for systematic errors in the LEP 
centre-of-mass energy calibration for 1990-1991. The column and row headings label the centre-of- 
mass energies relative to the peak in GeV. The entries are the absolute errors in units of MeV. The 
energy measurement in 1992 is uncorrelated with other years. Its error is 18.0 MeV. 



Centre-of-mass energy errors 




1993 


1993 


1993 


1994 


1995 


1995 


1995 




pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1993 pk-2 


3.55 


2.88 


2.73 


2.36 


1.31 


1.21 


1.22 


1993 peak 


2.88 


6.76 


2.77 


2.49 


1.16 


1.22 


1.17 


1993 pk+2 


2.73 


2.77 


3.09 


2.28 


1.25 


1.27 


1.35 


1994 peak 


2.36 


2.49 


2.28 


3.78 


1.25 


1.32 


1.26 


1995 pk-2 


1.31 


1.16 


1.25 


1.25 


1.83 


1.28 


1.26 


1995 peak 


1.21 


1.22 


1.27 


1.32 


1.28 


5.41 


1.38 


1995 pk+2 


1.22 


1.17 


1.35 


1.26 


1.26 


1.38 


1.74 



Table 14: The signed square-root of the covariance matrix elements for systematic errors in the LEP 
centre-of-mass energy in 1993 - 1995. These errors are specific to the OPAL interaction point. The 
entries are the absolute errors in units of MeV. 
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Centre-of- 


-mass 


energy spread errors 












iyyu 


1 am 

1991 


1992 


1993 


1993 


1993 


1994 


1 nor; 


1 no K 
1995 














pK— Z 


peak 


pk+2 


peak 


pK — Z 


peak 




iyyu 




o.U 


o.U 


n n 
u.u 


U.O 


n n 
u.u 


n n 
u.u 


n n 
u.u 


U.U 


0.0 


n n 
U.U 


1 QQ1 




o.U 


3.0 


0.0 



U.U 


0.0 


0.0 


0.0 


n n 
u.u 



U.U 


u.u 


1992 




0.0 


0.0 


3.0 


1.8 


1.8 


1.8 


1.8 


1.8 


1.8 


1.8 


1993 


pk-2 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1993 


peak 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1993 


pk+2 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1994 


peak 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1.1 


1995 


pk-2 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.3 


1.3 


1.3 


1995 


peak 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.3 


1.3 


1.3 


1995 


pk+2 


0.0 


0.0 


1.8 


1.1 


1.1 


1.1 


1.1 


1.3 


1.3 


1.3 



Table 15: The signed square-root of the covariance matrix elements for systematic errors in the LEP 
centre-of-mass energy spread. The entries are the absolute errors in units of MeV. 



Luminosity errors 






1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 












pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1990 




3000.00 


30.91 


30.91 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


1991 




30.91 


60.25 


30.91 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


1992 




30.91 


30.91 


41.82 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


5.40 


1993 


pk-2 


5.40 


5.40 


5.40 


6.52 


6.27 


6.09 


6.26 


6.44 


6.26 


6.08 


1993 


peak 


5.40 


5.40 


5.40 


6.27 


6.52 


6.27 


6.44 


6.26 


6.44 


6.26 


1993 


pk+2 


5.40 


5.40 


5.40 


6.09 


6.27 


6.52 


6.26 


6.08 


6.26 


6.44 


1994 


peak 


5.40 


5.40 


5.40 


6.26 


6.44 


6.26 


6.49 


6.26 


6.44 


6.26 


1995 


pk-2 


5.40 


5.40 


5.40 


6.44 


6.26 


6.08 


6.26 


6.59 


6.33 


6.15 


1995 


peak 


5.40 


5.40 


5.40 


6.26 


6.44 


6.26 


6.44 


6.33 


6.58 


6.33 


1995 


pk+2 


5.40 


5.40 


5.40 


6.08 


6.26 


6.44 


6.26 


6.15 


6.33 


6.58 



Table 16: The signed square-root of the covariance matrix elements for systematic errors in the 
luminosity measurement. The entries are the relative errors in units of 10 -4 . The theoretical error in 
the calculated luminometer acceptance is included. The large error for the 1990 luminosity has been 
artificially inflated, as explained in the text. 
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e + e - 


-* qq cross-section errors 














1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 












pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1990 




40.00 


19.00 


19.00 


10.51 


10.51 


10.51 


10.51 


10.51 


10.51 


10.51 


1991 




19.00 


19.00 


19.00 


7.27 


7.27 


7.27 


7.27 


7.27 


7.27 


7.27 


1992 




19.00 


19.00 


19.00 


7.27 


7.27 


7.27 


7.27 


7.27 


7.27 


7.27 


1993 


pk-2 


10.51 


7.27 


7.27 


10.24 


8.05 


9.28 


7.80 


10.04 


7.80 


9.07 


1993 


peak 


10.51 


7.27 


7.27 


8.05 


7.32 


7.75 


7.04 


7.80 


7.04 


7.49 


1993 


pk+2 


10.51 


7.27 


7.27 


9.28 


7.75 


8.65 


7.49 


9.07 


7.49 


8.41 


1994 


peak 


10.51 


7.27 


7.27 


7.80 


7.04 


7.49 


7.32 


7.80 


7.04 


7.49 


1995 


pk-2 


10.51 


7.27 


7.27 


10.04 


7.80 


9.07 


7.80 


11.08 


9.10 


10.21 


1995 


peak 


10.51 


7.27 


7.27 


7.80 


7.04 


7.49 


7.04 


9.10 


8.46 


8.84 


1995 


pk+2 


10.51 


7.27 


7.27 


9.07 


7.49 


8.41 


7.49 


10.21 


8.84 


9.63 



Table 17: The signed square-root of the covariance matrix elements for systematic errors in the 
measurement of the e + e~ — * qq cross-section. The hadrons are not appreciably correlated with any 
of the leptons. The entries are the relative errors in units of 10~ 4 . They do not include errors in the 
luminosity measurement, which are specified separately in Table [l(]. 











e + e — 


► e + e 


cross-section errors 












1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 












pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1990 




70.0 


22.0 


22.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


1991 




22.0 


22.0 


22.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


1992 




22.0 


22.0 


23.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


14.0 


1993 


pk-2 


14.0 


14.0 


14.0 


20.0 


17.0 


18.0 


15.0 


18.0 


15.0 


16.0 


1993 


peak 


14.0 


14.0 


14.0 


17.0 


17.0 


17.0 


14.0 


15.0 


14.0 


15.0 


1993 


pk+2 


14.0 


14.0 


14.0 


18.0 


17.0 


19.0 


15.0 


16.0 


15.0 


17.0 


1994 


peak 


14.0 


14.0 


14.0 


15.0 


14.0 


15.0 


14.0 


15.0 


14.0 


15.0 


1995 


pk-2 


14.0 


14.0 


14.0 


18.0 


15.0 


16.0 


15.0 


19.0 


17.0 


17.0 


1995 


peak 


14.0 


14.0 


14.0 


15.0 


14.0 


15.0 


14.0 


17.0 


16.0 


16.0 


1995 


pk+2 


14.0 


14.0 


14.0 


16.0 


15.0 


17.0 


15.0 


17.0 


16.0 


18.0 



Table 18: The signed square-root of the covariance matrix elements for systematic errors in the 
measurement of the e + e~ — * e + e~ cross-section. Additional terms arise between electrons and taus, 
which are given in Table ^l|. The entries are the relative errors in units of 10 -4 . They do not include 
errors in the luminosity measurement, which are specified separately in Table [Ti| 
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e" 


f e" - 


• n+p 


cross-section errors 










1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 










pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1990 


50.0 


16.0 


16.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


1991 


16.0 


25.0 


16.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


1992 


16.0 


16.0 


16.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


9.0 


1993 pk-2 


9.0 


9.0 


9.0 


17.0 


13.3 


13.3 


8.4 


9.8 


9.8 


9.8 


1993 peak 


9.0 


9.0 


9.0 


13.3 


16.0 


13.3 


8.4 


9.8 


9.8 


9.8 


1993 pk+2 


9.0 


9.0 


9.0 


13.3 


13.3 


17.0 


8.4 


9.8 


9.8 


9.8 


1994 peak 


9.0 


9.0 


9.0 


8.4 


8.4 


8.4 


10.0 


8.5 


8.5 


8.5 


1995 pk-2 


9.0 


9.0 


9.0 


9.8 


9.8 


9.8 


8.5 


18.0 


10.6 


10.6 


1995 peak 


9.0 


9.0 


9.0 


9.8 


9.8 


9.8 


8.5 


10.6 


12.0 


10.6 


1995 pk+2 


9.0 


9.0 


9.0 


9.8 


9.8 


9.8 


8.5 


10.6 


10.6 


17.0 



Table 19: The signed square-root of the covariance matrix elements for systematic errors in the 
measurement of the e + e~ — > cross-section. Additional terms arise between muons and taus, 

which are given in Table ^l|. The entries are the relative errors in units of 10 -4 . They do not include 
errors in the luminosity measurement, which are specified separately in Table [l6|. 









e + e — 




cross-section errors 










1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 










pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 


1990 


130. 


40. 


40. 


20. 


20. 


20. 


20. 


20. 


20. 


20. 


1991 


40. 


76. 


40. 


20. 


20. 


20. 


20. 


20. 


20. 


20. 


1992 


40. 


40. 


43. 


20. 


20. 


20. 


20. 


20. 


20. 


20. 


1993 pk-2 


20. 


20. 


20. 


60. 


48. 


54. 


33. 


45. 


34. 


34. 


1993 peak 


20. 


20. 


20. 


48. 


49. 


47. 


35. 


34. 


37. 


34. 


1993 pk+2 


20. 


20. 


20. 


54. 


47. 


57. 


32. 


34. 


33. 


43. 


1994 peak 


20. 


20. 


20. 


33. 


35. 


32. 


42. 


33. 


35. 


33. 


1995 pk-2 


20. 


20. 


20. 


45. 


34. 


34. 


33. 


60. 


47. 


55. 


1995 peak 


20. 


20. 


20. 


34. 


37. 


33. 


35. 


47. 


48. 


47. 


1995 pk+2 


20. 


20. 


20. 


34. 


34. 


43. 


33. 


55. 


47. 


58. 



Table 20: The signed square-root of the covariance matrix elements for systematic errors in the 
measurement of the e + e~ —* t + t~ cross-sections. The rr— ee terms and rr — /i^ terms are given 
in Table The entries are the relative errors in units of 10 -4 . They do not include errors in the 
luminosity measurement, which are specified separately in Table [!(]. 



74 



inter-species cross-section errors 







1990 


i nm 
1991 


1992 


i nno 
1993 


i nno 
1993 


1 OflQ 


1 nn/i 


1 nn v. 
1995 


1 nn v. 
1995 














pk— 2 


peak 


pk+2 


peak 


pk— 2 


peak 


pk+2 






TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


1990 


ee 


—20.0 


—4.8 


—4.4 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1991 


ee 


-4.8 


-18.0 


—4.1 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1992 


ee 


A A 

—4.4 


—4.1 


— 15.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1993 pk— 2 


ee 


0.0 


0.0 


0.0 


— 14.0 


—9.0 


( \ A 

—9.4 


—2.9 


— 3.1 


— 2.9 


—3.0 


1993 peak 


ee 


0.0 


0.0 


0.0 


-9.0 


-10.0 


-7.9 


-2.4 


-2.6 


-2.4 


-2.5 


1993 pk+2 


ee 


0.0 


0.0 


0.0 


-9.4 


-7.9 


-11.0 


-2.5 


-2.8 


-2.5 


-2.6 


1994 peak 


ee 


0.0 


0.0 


0.0 


-2.9 


-2.4 


-2.5 


-9.0 


-2.5 


-2.3 


-2.4 


1995 pk-2 


ee 


0.0 


0.0 


0.0 


-3.1 


-2.6 


-2.8 


-2.5 


-11.0 


-7.5 


-7.9 


1995 peak 


ee 


0.0 


0.0 


0.0 


-2.9 


-2.4 


-2.5 


-2.3 


-7.5 


-9.0 


-7.1 


1995 pk+2 


ee 


0.0 


0.0 


0.0 


-3.0 


-2.5 


-2.6 


-2.4 


-7.9 


-7.1 


-10.0 


1990 


nn 


-40.0 


-8.0 


-7.3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1991 


nn 


-8.0 


-24.0 


-5.3 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1992 




-7.3 


-5.3 


-18.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


1993 pk-2 


HH 


0.0 


0.0 


0.0 


-11.0 


-8.3 


-8.3 


-2.4 


-3.1 


-2.9 


-3.0 


1993 peak 


nn 


0.0 


0.0 


0.0 


-8.3 


-11.0 


-8.3 


-2.4 


-3.1 


-2.9 


-3.0 


1993 pk+2 


nn 


0.0 


0.0 


0.0 


-8.3 


-8.3 


-11.0 


-2.4 


-3.1 


-2.9 


-3.0 


1994 peak 


mi 


0.0 


0.0 


0.0 


-2.4 


-2.4 


-2.4 


-8.0 


-2.8 


-2.5 


-2.6 


1995 pk-2 


hp 


0.0 


0.0 


0.0 


-3.1 


-3.1 


-3.1 


-2.8 


-14.0 


-9.8 


-10.1 


1995 peak 


fi/i 


0.0 


0.0 


0.0 


-2.9 


-2.9 


-2.9 


-2.5 


-9.8 


-12.0 


-9.4 


1995 pk+2 


nn 


0.0 


0.0 


0.0 


-3.0 


-3.0 


-3.0 


-2.6 


-10.1 


-9.4 


-13.0 



Table 21: The signed square-root of the covariance matrix elements for systematic errors correlated 
between species in the measurement of the lepton cross-sections. The entries are the relative errors 
in units of 10~ 4 . They do not include errors in the luminosity measurement, which are specified 



separately in Table 16. 
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^(GeV) 




e + e — ► fi + fi asymmetry 




Sample 


mean 


rms 


AT 
W 


measured 


corrected 


nt 




peak-3 


88.zb00 


n n A o 1 
0.0481 


1 ^n 
loU 


n 1 con _i_ n neon 
—0.1590 ± 0.0830 


n i £m 
— 0.1591 


n ovon 
— O.Z 7 20 




peak-2 


on orcn 

oy.zooU 


u.U4yu 


9^8 

zoo 


n oven _i_ n n^vn 
— U.zVoU ± U.Uo < U 


n o7oo 
— U.zVoz 


n 1 vqi 

— U.l IOL 




peak-1 


nn ot;7n 


U.UoUU 


oyi 


n own _i_ n n/ion 
— U.U7 /U ± U.U4oU 


n nwo 
— U.U ( < z 


n nooc; 
— U.Uozo 


iyyu 


peak 


Q1 9/1^n 
yi.z4ou 


n n^i n 


4yoo 


U.U1UU It u.uiou 


n m nn 

U.U1UU 


n nn/i 7 

U.UU4 ( 




■pv/uo r 1 1 


Q9 949D 

C/Z.Z^IZU 


n 0^90 
u.uozu 


O ( u 


04Qn 4- n 0400 

u.u^yu in u.u^tuu 


n 04Q1 


n 07^^ 

U.U / OO 




npQlr-l-9 


no 9/1 c;n 

yo.z4ou 


u.uozy 


354 

OO^r 


n no/in -i- n n^i n 
u.uy4u it u.uoiu 


n no/i i 
u.uy4i 


n 1 91 s 

U.lZlo 




jjeaiv^o 


Q/l 9/1 90 

y4.z4zu 


u.uooy 


9^1 

^O -L 


n ns^n -i- n nfii n 

U.UOOU It U.UD1U 


n ns^n 

U.UOOU 


n i ^fii 

U. 1001 




pi t3bCd.Il 


yi.Z04U 


U.U4/ 1 


I 000 


n nnon _l n nun 
U.UUZU it U.U11U 


n nnon 
U.UUZU 


n nn^fi 
U.UUOO 




peak- 3 


oo.4oUU 


n nA a~\ 
U.U441 


1 7fi 


n ooon _i_ n nvnn 
— U.zzoU it U.U7UU 


n OOQ1 
— U.Zzol 


— U.zolo 




peak- 2 


oy.^ / zu 


U.UUOl 


000 


n 1 nfin 4- n 0^00 

— U.luUu It U.UOUU 


— U. 1UU1 


1 ^7^ 
— U. lO I o 






on 997n 
yu. zz / u 


U.U4D1 


744 

1 11 


n nfiQn -i- n n^/in 
— u.uoyu it u.uo4u 


n nficn 
— u.uoy i 


n ns^'? 

— U.UoOO 


1 QQ1 


p68-k 


Q1 99/10 

yi.zz4u 


n n/i7i 

U.U4 / 1 


zLzL99 


n n.99n _i_ n m /in 

— U.UZZU It U.U14U 


n n99n 

— U.UZZU 


n nn^9 
u.uuoz 




noo I 1 
ptidiV | X 


91 9R9D 


0481 




n nn9n 4- n 031 


0091 


0571 




UCGjIV | _■ 




n 04Q0 


478 


n 1 Ron _i_ n 0490 
U.IOZU It u.uozu 


n i ^91 

u. ±oz± 


n 1 1 oi 

U. 1 1U1 






03 71 70 

yo. i i/u 


n n^nn 

U.UOUU 


404 


n ns^n -i- n n/Lfin 

U.UOOU It U.U40U 


n nsM 

U.UOOl 


n i 

u. ioyo 


1 QQ9 


peak 


y i.zyoy 


u.uozu 


00700 

OO / OO 


U.UUoO It U.UUOl 


n nnss 

U.UUoO 


n nno.9 
u.uuyz 




presc£in(a I ) 


yi.loo4 


U.Uooo 


AAQ 
44y 


n ri/iQn _i_ n r\A ao 
— U.U4oy ± U.U44Z 


n nA Qn 

— u.U4oy 


n nn/i i 
— U.UU41 




presccin^ d j 


Q1 390Q 


05fifi 


7^9^ 
/ OZO 


n nnci _i_ n m nn 

U.UUOl _l_ U.UlUi/ 


0081 

U.UUO ± 


01 09 


1993 


tip;.] Lr_9 


89.4502 


0.0564 


3937 


-0.1503 ±0.0146 


-0.1505 


-0.1594 




peak 


91.2063 


0.0570 


12066 


-0.0020 ± 0.0085 


-0.0020 


0.0018 




peak+2 


93.0348 


0.0570 


5628 


0.1001 ±0.0124 


0.1002 


0.1130 




peak(ab) 


91.2198 


0.0565 


70493 


0.0040 ± 0.0035 


0.0040 


0.0028 


1994 


peak(c) 


91.4285 


0.0561 


637 


0.0182 ±0.0371 


0.0183 


0.0193 




peak(d) 


91.2194 


0.0558 


3157 


0.0096 ±0.0166 


0.0096 


0.0028 




prescan(a) 


91.7994 


0.0568 


256 


0.0523 ±0.0585 


0.0524 


0.0460 




prescan(b) 


91.3032 


0.0575 


14619 


0.0094 ± 0.0077 


0.0094 


0.0095 


1995 


peak-2 


89.4414 


0.0568 


3739 


-0.1414 ±0.0151 


-0.1416 


-0.1603 




peak 


91.2826 


0.0578 


6510 


0.0198 ±0.0115 


0.0198 


0.0079 




peak+2 


92.9716 


0.0581 


5688 


0.1170 ±0.0123 


0.1171 


0.1103 



Table 22: The e + e~ — ► forward-backward charge asymmetry near the Z resonance. The 

measured asymmetry is corrected to the simple kinematic acceptance region defined by | cos 9g- \ < 0.95 
and # aco i < 15°, with the energy of each fermion required to be greater than 6.0 GeV. For each data 
sample we list here the mean yfs of the colliding beams, its root-mean-square (rms) spread, and the 
observed e + e~ — ► asymmetry. The errors shown are statistical only. The asymmetries are also 

shown after being corrected for the beam energy spread to correspond to the physical asymmetry at 
the central value of y/s. The fit values are the result of the 9-parameter model-independent fit. 
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^(GeV) 




e + e — ► r + r asymmetry 




Sample 


mean 


rms 


AT 

1\ TT 


measured 


corrected 


nt 




peak-3 


88.zol0 


0.0481 


1 09 
1UZ 


— 0.346/ ±0.0800 


O O A C!Q 

—0.3468 


— O.zbol 




peak-2 


on OKACi 


u.U4yu 


99/I 
ZZ4 


— U.UotW ± U.UOZU 


— u.uooy 


n 1 7 A Q 

— U.l / 4o 




peak-1 


yU.ZboU 


U.UoUU 


90.1 
Zol 


— u.uyo4 ± U.UooU 


— u.uyoo 


n nc 1 n 


iyyu 


peak 


Q1 9/lfin 
yi.Z40U 


U.U01U 


o f ZZ 


n nns/i + n m w 
— U.UU04 It u.uiou 


n nns/i 

— U.UUo4 


n nn^/i 

U.UU04 




■pv/uo r 1 1 


Q9 949D 

C/Z.Z^IZU 


n n^9n 
u.uuzu 




n nfisfi 4- n n4fin 

u.uuou in u.u^uu 


u.uuo / 


n n7nn 

U.U / uu 




npQlr-l-9 


yo.z4ou 


u.uozy 


309 


n 1 977 j-nn^n 

U.1Z/ f It U.UOOU 


n 1 978 
U. 1Z 1 o 


n 1 1 71 

U.ll 1 1 




jjeaiv^o 


Q/i 9/inn 
y4.z4uu 


u.uooy 


1 


n nss7 -i- n n79n 

U.Uoo f ItU.UfZU 


n nss7 

U.Uoo ( 


n i ^n"? 
u. iouo 




pi t3bCd.Il 


yi.Z04U 


U.U4/ 1 


ouoy 


U.U14D ± U.U1ZU 


U.U14D 


U.UU4U 




peak- 3 


oo.4o(JU 


U.U441 


10D 


— U.zo4f ± U.UboU 


n OKA Q 

— U.zo4o 


— U.z4o4 




peak- 2 


oy.^ / zu 


U.U^lOl 


98Q 

zoy 


n 1 ni 7 4- n n^4n 

— U.-LU.L/ X U.UJ^U 


— U. lulu 


n 1 ^41 

— U. 1J11 






on 997n 
yu. zz / u 


U.U401 


569 


n n7i /i -i- n n^on 
— u.U( 14 it u.uoyu 


n n7i 

— U.U ( 10 


— U.UOUO 


1 QQ1 


p68-k 


Q1 99/10 

yi.zz4tu 


n n/i7i 

U.U41 / 1 


ouuo 


n nnri/i + n m fin 
— U.UUU4 It u.uiou 


n nnn/i 

— U.UUU4 


n nm 7 

U.UUl 1 




noo I 1 
ptidiV | X 


91 9R9D 


0481 


734 


n nqafi + n f)350 

U.UOOU _1_ U.UOUU 


0387 

U.UOO 1 


0540 




UCUjIV | _■ 


Q9 Qfi&O 


n nzLQn 


436 


n DQ47 4- n 0440 
u.uy^i it U.U44U 


n nQ48 


n 1 n^fi 

U. 1UOU 






71 70 

yo. i i/u 


U.UOUU 


359 


n i fio.7 -i- n n/tsn 
u.iuy/ it u.uiou 


n 1 P.Q7 
u. iuy / 


n i ^4n 

U. lo4U 


1 QQ9 


peak 


y i.zyyu 


u.uozu 


zouo / 


U.UIOZ It U.UUOu 


n m ^9 

U.UIOZ 


n nn7^ 

U.UU 1 




presc£in(a I ) 


yl.lool 


n r\Qd7 
U.Uoo 1 


1A 7 
04 1 


n aim i n nene 

—u.uiyi ± u.uoUo 


— u.uiyi 


— U.UUoo 




presccin^ d j 


Q1 391 1 


U.UOUU 


K7A e; 


n nn°,4 4- n m 

— U.UU04 It U.UIOU 


n nns4 


n nnQ9 

u.uuyz 


i 993 


|J carv Zi 


89.4504 


0.0564 


3955 


-0.1497 ±0.0167 


-0.1499 


-0.1561 




peak 


91.2052 


0.0570 


10374 


-0.0060 ± 0.0094 


-0.0060 


0.0002 




peak+2 


93.0348 


0.0570 


4551 


0.1106 ±0.0142 


0.1107 


0.1085 




peak(ab) 


91.2196 


0.0565 


56230 


0.0008 ± 0.0040 


0.0008 


0.0013 


1994 


peak(c) 


91.4277 


0.0561 


451 


-0.0926 ± 0.0438 


-0.0925 


0.0172 




peak(d) 


91.2194 


0.0558 


2471 


-0.0193 ±0.0189 


-0.0193 


0.0013 




prescan(a) 


91.7987 


0.0568 


195 


0.1095 ± 0.0673 


0.1096 


0.0432 




prescan(b) 


91.3032 


0.0575 


11765 


0.0006 ± 0.0088 


0.0006 


0.0078 


1995 


peak-2 


89.4413 


0.0568 


3060 


-0.1334 ±0.0171 


-0.1336 


-0.1569 




peak 


91.2823 


0.0578 


5242 


0.0227 ±0.0132 


0.0227 


0.0062 




peak+2 


92.9715 


0.0581 


4711 


0.0938 ±0.0139 


0.0939 


0.1058 


23: 


The e+e" -> 


t + t forward-backward 


charge asymmetry 


near the Z 


resonance. 



measured asymmetry is corrected to the simple kinematic acceptance region defined by | cos Op- \ < 0.90 
and # aco i < 15°, with the energy of each fermion required to be greater than 6.0 GeV. For each data 
sample we list here the mean ^fs of the colliding beams, its root-mean-square (rms) spread, and the 
observed e + e~ — ► r + r~ asymmetry. The errors shown are statistical only. The asymmetries are also 
shown after being corrected for the beam energy spread to correspond to the physical asymmetry at 
the central value of ^fs. The fit values are the result of the 9-parameter model-independent fit. 
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^(GeV) 




e e — > e e 


asymmetry 




oampie 


mean 


rms 


AT 


measured. 


corrected 


nt 




peak-3 


on 0£M H 

88.2610 


0.0481 


1 Q/1 

iy4 


n *?7Qn 4- n nfi7n 

U.oioU ± U.UOfU 


0.3/31 


0.38 1 1 




peak-2 


oy.zooU 


u.U4yu 


Q91 
OZl 


n Q9on 4- n n^n 
u.ozyu ± u.uoou 


u.ozyi 


n 0077 

U.zy l 1 




peak-1 


on 1 n 


U.UoUU 


Q8/I 
Oo4 


n 99Kn 4- n n^nn 
u.zzou ± u.uouu 


U.zzbl 


n im 1 


ryyu 


peak 


Q1 9/lfin 
yi.Z40U 


n n^i n 


Q71 Q 

o ( iy 


n na^n x n m fin 
u.uoou ± U.U1DU 


n ns/io 
u.uo4y 


n i nn/i 

U. 1UU4 
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Q9 9/L^fl 
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u.u i t?u it u.uo / u 


n n78Q 
u.u ( oy 


n nfiQi 
u.uuy i 




npQlr-|-9 


no o/i 7n 

yo.z4< u 


n nc;9Q 
u.uozy 


936 


—0 0070 + 0650 


n nn7n 
— U.UU I u 


n nQQ/i 
u.uyy4 




peaK^o 


Q/l 9/1 on 
y4.z4zu 


u.uooy 


1 fin 

1UU 


n 91 sn 4- n n78n 

u.ziou in u.uiou 


n 91 si 

U.Zlol 


n 1 ^sa 

U. iOoo 




pi 6bCd.Il 


yi.zo4u 


U.U4/ 1 


^fi9/L 
00Z4 


n nnnn x n nnn 
u.uyuu it u.uiou 


n neon 

u.usyy 


n noon 

u.uyyy 




peak- 3 


oo.4 < yu 


U.U441 


9Q7 

zy f 


n /I7nn 4- n n^i n 
U.4/UU It u.uoiu 


n a 7ni 
U.4/U1 


u.ooy / 




peak- 2 


an 4Rqn 
oy .^±uyu 




A ^1 
401 


n 97^n 4- n n/i ^n 

U.Z 1 OU It U.U40U 


n 97^1 

U.Z I Ol 


n 97^° 

u.z i oy 






on 997n 
yu. zz < u 


n n/ifii 

U.U4D1 


683 


n i con 4- n D380 


n 1 891 

U.loZl 


n i Q/i a 
u. iy4o 


1 QQ1 

±yy ± 


p68-k 


qi 99nn 
yi.zzuu 


n n/i7i 

U.U4 / 1 


oouo 


n 1 070 -r- 01 70 


n 1 nfio 
u. ruoy 


n i n99 

U. 1UZZ 




noQ [r 1 1 




0481 


ouu 


n 1 1 SO + 0490 


1 1 79 


0705 




L7 v^Qjiv | _■ 


Q9 Qfi&O 


n nzLQn 


325 


0780 + D 0550 


n n78n 

U.U ( OU 


n nsfifi 

U.UoUD 




T*£*P1 If — 1— X 


Qx 71 70 

yo. / 1 / u 


n n^nn 

U.UOUU 


984 


n nc;an 4- n 0590 


n n^sn 

U.UOOU 


n 1 9^ 

U. 1ZOD 


1 QQ9 


pGcik 


Q1 9QG0 

yi.zyyu 


u.uozu 


9^98n 
zozou 


n noofi 4- n nnfi^ 

u.uyyu it u.uuuo 


n noo^ 
u.uyyo 


n nofio 
u.uyoy 




presc£in(a I ) 


y 1.144 / 


U.Uoo < 


040 


n9i/ii 4- n n^98 

U.Z141 It U.UOZo 


u.zloy 


U.lU (0 




presccin^ d j 




0566 


OZ04 


n na'in x n nn7 
u.uyou it u.uio/ 


0998 


0955 


1993 


npQ k-9 


89.4502 


0.0565 


4750 


2619 + n 0140 


0.2621 


0.2778 




peak 


91.2055 


0.0571 


9628 


0.1052 ±0.0101 


0.1051 


0.1032 




peak+2 


93.0346 


0.0570 


3664 


0.0958 ± 0.0164 


0.0958 


0.0894 




peak(ab) 


91.2196 


0.0565 


51939 


0.1046 ±0.0044 


0.1045 


0.1022 


1994 


peak(c) 


91.4282 


0.0562 


462 


0.1312 ±0.0461 


0.1310 


0.0893 




peak(d) 


91.2195 


0.0558 


2281 


0.0999 ± 0.0208 


0.0998 


0.1022 




prescan(a) 


91.7987 


0.0567 


261 


0.0894 ± 0.0617 


0.0892 


0.0740 




prescan(b) 


91.3032 


0.0575 


10741 


0.0943 ± 0.0096 


0.0941 


0.0967 


1995 


peak-2 


89.4417 


0.0568 


4451 


0.2840 ± 0.0144 


0.2842 


0.2787 




peak 


91.2823 


0.0578 


4812 


0.0736 ± 0.0144 


0.0735 


0.0980 




peak+2 


92.9715 


0.0581 


3706 


0.0878 ± 0.0164 


0.0878 


0.0867 



Table 24: The e + e~ — > e + e~ forward-backward charge asymmetry near the Z resonance. The 
measured asymmetry is corrected to the simple kinematic acceptance region defined by | cos Op- \ < 0.70 
and # aco i < 10°, with the energy of each fermion required to be greater than 0.2 GeV. For each data 
sample we list here the mean ^fs of the colliding beams, its root-mean-square (rms) spread, and the 
observed e + e~ — > e + e~ asymmetry. The errors shown are statistical only. The asymmetries are also 
shown after being corrected for the beam energy spread to correspond to the physical asymmetry at 
the central value of y/s. The fit values are the result of the 9-parameter model-independent fit. 
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lepton asymmetry errors 






1990 


1991 


1992 


1993 


1993 


1993 


1994 


1995 


1995 


1995 












pk-2 


peak 


pk+2 


peak 


pk-2 


peak 


pk+2 






ee 


ee 


ee 


ee 


ee 


ee 


ee 


ee 


ee 


ee 


1990 


ee 


5.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1991 


ee 


1.0 


3.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1992 


ee 


1.0 


1.0 


2.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1993 pk-2 


ee 


1.0 


1.0 


1.0 


1.1 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1993 peak 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1993 pk+2 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.2 


1.0 


1.0 


1.0 


1.0 


1994 peak 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1995 pk-2 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.1 


1.0 


1.0 


1995 peak 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1995 pk+2 


ee 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.2 






nn 


nn 


nn 


nn 


nn 


nn 


nn 


nn 


nn 


nn 


1990 


nn 


1.0 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1991 


nn 


0.4 


1.0 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1992 


nn 


0.4 


0.4 


0.5 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1993 pk-2 


nn 


0.4 


0.4 


0.4 


1.1 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1993 peak 


fi/i 


0.4 


0.4 


0.4 


0.4 


0.7 


0.4 


0.4 


0.4 


0.4 


0.4 


1993 pk+2 


nil 


0.4 


0.4 


0.4 


0.4 


0.4 


1.0 


0.4 


0.4 


0.4 


0.4 


1994 peak 


nn 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1995 pk-2 


nn 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


1.2 


0.4 


0.4 


1995 peak 


nn 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.9 


0.4 


1995 pk+2 


nn 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.4 


0.9 






TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


TT 


1990 


TT 


3.0 


3.0 


2.0 


1.8 


1.2 


1.6 


1.2 


1.8 


1.2 


1.6 


1991 


TT 


3.0 


3.0 


2.0 


1.8 


1.2 


1.6 


1.2 


1.8 


1.2 


1.6 


1992 


TT 


2.0 


2.0 


2.0 


1.8 


1.2 


1.6 


1.2 


1.8 


1.2 


1.6 


1993 pk-2 


TT 


1.8 


1.8 


1.8 


1.8 


1.2 


1.6 


1.2 


1.8 


1.2 


1.6 


1993 peak 


TT 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1993 pk+2 


TT 


1.6 


1.6 


1.6 


1.6 


1.2 


1.6 


1.2 


1.6 


1.2 


1.6 


1994 peak 


TT 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1995 pk-2 


TT 


1.8 


1.8 


1.8 


1.8 


1.2 


1.6 


1.2 


1.8 


1.2 


1.6 


1995 peak 


TT 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1.2 


1995 pk+2 


TT 


1.6 


1.6 


1.6 


1.6 


1.2 


1.6 


1.2 


1.6 


1.2 


1.6 



Table 25: The signed square-root of the covariance matrix elements for systematic errors in the 
measurement of the lepton asymmetries. There are no appreciable inter-species correlations in the 
asymmetry measurements. The entries are the absolute errors in units of 10~ 3 . 
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Pqvq yyi Q-j- oy» 


UI C IjCHjICII 111 


\A/ if hmTl" 1 .£vrvf~f"\n 
VV lUllUUL LjcpLUIl 


\A/ 1 "1" h 1 (UT^f" CXY~\ 
VV 1U11 iJCULUll 






fprnn; nf rmmliTiff'; 


T In IVPTQfl litv 
l> 111 v ci odiii u y 


T In nrpf^sfi 1 1 \"\t 

\J 111 V C<1 udll Ij y 


T-'TPn i c\ 1 on 

J. 1 CLll^ L1VJ11 


my CGeV) 




91 1866 ± 0031 


91 1861 ± 0030 


input 


IV fGeV) 




2.4942 ± 0.0042 


2.4940 ± 0.0041 


2 4949 + °'°° 2 i 






41 1 n rat 


L ±3-.0\JO _l_ \J.\JOO 


41 480+ ' 012 




(" 2 1 „2 \ ( „2 1 n 2 \ 


06330 + 00031 






^ZZIP p y 




06359 ± 00025 






^ZZ\ > 




0.06366 ± 0.00033 








Co 2 . „ 4- a 2 .,,) 2 




06353 + 00092 


u.uuooz_ 00031 


/7a fp+p- 1 ) 
^zzv 1 e J 


yAeyVe i/ Ae yve 


n nnm 8Q + n nonoQ4 








i/ACi/ VCbfJ\{AtJ V /J. 


0.000320 ± 0.000049 






C z a z(^ + ^) 


5Ac5Vc5Ar5Vr 


0.000293 ± 0.000064 








(gAegve) 2 




0.000294 ± 0.000036 


000336+ - 000014 

U.UUUMD_ .000039 


C 7 a z(e + e-) 


yAcSAc 


0.242 ± 0.022 






C 7 a z(/^/0 


flAeSA/i 


0.232 ±0.011 






^ a z(r + r-) 


SAeSAr 


0.234 ± 0.013 






c 7 a z (£+r) 


9A£ 




0.2350 ± 0.0080 


251 sn +0 - 00013 


q Z (e + e") 


flVeyVe 


-0.0262 ± 0.0139 








gvegv/j, 


-0.0029 ± 0.0093 








flVeflVr 


-0.0011 ±0.0106 






C» z (£+£-) 






-0.0075 ± 0.0064 


nni34+ - 00006 

U.UUlO4_ 00015 


x 2 /d.o.f 




146.6 / 188 


151.8 / 196 





Table 26: Results of the C-parameter fits to the measured cross-section and lepton asymmetry data 
with and without imposing lepton universality (7 and 15 parameters). Theory uncertainties, other 
than those on the t-channel for the electrons and the luminosity, are not included in the errors (see 
section ll,2.2j ). In the last column we give the values predicted by the SM assuming the parameter 



variations given in Equation 25. 
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Parameters 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


1 




1.000 


.043 


.034 


-.092 


-.008 


-.005 


-.054 


.067 


.052 


.009 


.009 


.009 


-.088 


-.142 


-.122 


2 


r z 


.043 


1.000 


-.354 


.572 


.710 


.542 


.003 


.024 


.017 


.000 


.049 


.043 


-.024 


.022 


.021 


3 


< 


.034 


-.354 


1.000 


-.098 


-.120 


-.090 


.006 


.008 


.007 


-.004 


-.007 


-.006 


-.011 


-.018 


-.016 


4 


C 77 (e + e~) 


-.092 


.572 


-.098 


1.000 


.457 


.338 


.171 


-.007 


-.007 


-.003 


.029 


.024 


.055 


.033 


.030 


5 


C| z (/x+/z~) 


-.008 


.710 


-.120 


.457 


1.000 


.413 


.009 


.032 


.014 


-.003 


.059 


.032 


-.018 


.158 


.020 


6 


C|z(^ + 


-.005 


.542 


-.090 


.338 


.413 


1.000 


.005 


.014 


.027 


-.001 


.028 


.075 


-.012 


.017 


.127 


7 


C| z (e+e-) 


-.054 


.003 


.006 


.171 


.009 


.005 


1.000 


-.014 


-.011 


.080 


-.001 


-.001 


-.004 


.010 


.008 


8 




.067 


.024 


.008 


-.007 


.032 


.014 


-.014 


1.000 


.016 


.001 


.208 


.003 


-.008 


.008 


-.010 


9 


C|z(r + r-) 


.052 


.017 


.007 


-.007 


.014 


.027 


-.011 


.016 


1.000 


.001 


.002 


.184 


-.006 


-.009 


.008 


10 


C 7 a z (e+e-) 


.009 


.000 


-.004 


-.003 


-.003 


-.001 


.080 


.001 


.001 


1.000 


.000 


.000 


.217 


-.001 


-.001 


11 




.009 


.049 


-.007 


.029 


.059 


.028 


-.001 


.208 


.002 


.000 


1.000 


.002 


-.003 


-.084 


.000 


12 


C 7 a z(^ + ^) 


.009 


.043 


-.006 


.024 


.032 


.075 


-.001 


.003 


.184 


.000 


.002 


1.000 


-.002 


.000 


-.089 


13 


C 7 z(e + e") 


-.088 


-.024 


-.011 


.055 


-.018 


-.012 


-.004 


-.008 


-.006 


.217 


-.003 


-.002 


1.000 


.025 


.020 


14 


c;z(^ + ^) 


-.142 


.022 


-.018 


.033 


.158 


.017 


.010 


.008 


-.009 


-.001 


-.084 


.000 


.025 


1.000 


.033 


15 


C 7Z (t+t-) 


-.122 


.021 


-.016 


.030 


.020 


.127 


.008 


-.010 


.008 


-.001 


.000 


-.089 


.020 


.033 


1.000 



Table 27: Error correlation matrix for the C-parameters in Table 26 which do not assume lepton universality. 



Parameters 


i 


2 


3 


4 


5 


6 


7 


1 771,7 

' ' * Li 


1.000 


.011 


.059 


-.052 


.064 


.004 


-.207 


2 r z 


.011 


1.000 


-.353 


.796 


.028 


.064 


.025 


3 a° 


.059 


-.353 


1.000 


-.135 


.009 


-.010 


-.032 


4 c| z (£+r) 


-.052 


.796 


-.135 


1.000 


.051 


.078 


.119 


5 c| z (^+r) 


.064 


.028 


.009 


.051 


1.000 


.185 


.005 




.004 


.064 


-.010 


.078 


.185 


1.000 


-.031 


7 c« z (^+r) 


-.207 


.025 


-.032 


.119 


.005 


-.031 


1.000 



Table 28: Error correlation matrix for the C-parameters in Table 26 which assume lepton universality 





Without lepton 


With lepton 


SM 




universality 


universality 


prediction 


m z (GeV) 


91.1858 ± 0.0030 


91.1852 ± 0.0030 


input 


T z (GeV) 


2.4948 ± 0.0041 


2.4948 ± 0.0041 


2.4949^ 


< (nb) 


41.501 ± 0.055 


41.501 ± 0.055 


41.480+ffi 


Re 

Rfj, 
R T 

Re 


20.902 ± 0.084 
20.811 ± 0.058 
20.832 ± 0.091 


20.823 ± 0.044 


20.738±8:S1 
20.7381°:™ 

20.7851HM 
20.7381°;™ 


A o,e 

^FB 


0.0089 ± 0.0044 






^FB 


0.0159 ± 0.0023 






Mr 
^FB 


0.0145 ± 0.0030 






A o,t 

^FB 




0.0145 ± 0.0017 


n m c;o+0.0007 
U.Ulb8_ 0018 


X 2 /d.o.f. 


155.6/ 194 


158.3/ 198 





Table 29: Results of fitting the model- independent Z parameters to the measured cross-sections and 



asymmetries. The theory uncertainties given in Table 33, other than those on the t-channel for the 
electrons and the luminosity, are not included in the errors. In the last column we give the values 



calculated in the context of the SM assuming the parameter variations given in Equation 25. 





mz T z o-g R e A% 


r z 

< 
Rt 

^FB 


1.00 0.05 0.03 0.04 0.07 
0.05 1.00 -0.35 0.02 -0.01 
0.03 -0.35 1.00 0.29 0.02 
0.04 0.02 0.29 1.00 -0.01 
0.07 -0.01 0.02 -0.01 1.00 



Table 30: Error correlation matrix for the 5 parameter fit assuming lepton universality given in 
Table EI 
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m z 


r z 


< 


R e 


Rfj, 


R T 


^FB 


^FB 


^FB 


m z 


1.00 


0.05 


0.03 


0.11 


0.00 


0.00 


-0.05 


0.08 


0.06 


r z 


0.05 


1.00 


-0.35 


0.01 


0.02 


0.01 


0.00 


0.00 


0.00 


< 


0.03 


-0.35 


1.00 


0.15 


0.22 


0.14 


0.01 


0.01 


0.01 


R c 


0.11 


0.01 


0.15 


1.00 


0.09 


0.04 


-0.20 


0.03 


0.02 




0.00 


0.02 


0.22 


0.09 


1.00 


0.06 


0.00 


0.01 


0.00 


R T 


0.00 


0.01 


0.14 


0.04 


0.06 


1.00 


0.00 


0.00 


0.01 


^FB 


-0.05 


0.00 


0.01 


-0.20 


0.00 


0.00 


1.00 


-0.02 


-0.01 


^FB 


0.08 


0.00 


0.01 


0.03 


0.01 


0.00 


-0.02 


1.00 


0.02 


A 0,r 
^FB 


0.06 


0.00 


0.01 


0.02 


0.00 


0.01 


-0.01 


0.02 


1.00 



Table 31: Error correlation matrix for the 9 parameter fit without assuming lepton universality given 



in Table 2£ 





m z (GeV) 


1990-2 1993-4 1995 


1990-2 
1993-4 
1995 


91.1851 ± 0.0091 
91.1870 ± 0.0046 
91.1851 ± 0.0039 


1.00 0.02 0.01 
0.02 1.00 0.09 
0.01 0.09 1.00 



Table 32: Results of the model- independent Z parameters fit with independent m z for the three main 
data-taking phases, 1990-2, 1993-4 and 1995. The correlations are given in columns 3-5. 
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Error sources 


Parameter 


statis- 


included systematics 


addtl. 




tics 


selection 


lumi 


i-chan. 


-^beam 


theory 


m z (GeV) 


0.0023 


0.0001 


0.0003 


0.0001 


0.0018 


0.0003 


T z (GeV) 


0.0036 


0.0010 


0.0007 


0.0000 


0.0013 


0.0002 


al (nb) 


0.031 


0.033 


0.029 


0.0000 


0.011 


0.008 


Re 


0.067 


0.040 


0.009 


0.027 


0.014 


0.004 




0.050 


0.027 


0.008 


0.000 


0.000 


0.004 


R T 


0.055 


0.071 


0.010 


0.000 


0.000 


0.004 


A 0,e 
FB 


0.0038 


0.0016 


0.0000 


0.0018 


0.0004 


0.0001 


^FB 


0.0022 


0.0004 


0.0000 


0.0000 


0.0003 


0.0001 


^FB 


0.0026 


0.0014 


0.0000 


0.0000 


0.0003 


0.0001 


Re 


0.034 


0.027 


0.008 


0.005 


0.003 


0.004 


^FB 


0.0015 


0.0006 


0.0000 


0.0003 


0.0002 


0.0001 


(nb) 


0.0032 


0.0021 


0.0018 


0.0005 


0.0004 


0.0005 


T had (MeV) 


2.8 


1.8 


0.7 


0.3 


0.8 


0.3 


V U (MeV) 


0.12 


0.05 


0.03 


0.01 


0.04 


0.01 


r inv (MeV) 


1.9 


1.6 


0.7 


0.2 


0.5 


0.3 




0.017 


0.018 


0.010 


0.002 


0.004 


0.003 




0.0035 


0.0026 


0.0026 


0.0008 


0.0006 




log 10 (m H /GeV) 


0.41 


0.06 


0.13 


0.05 


0.07 





Table 33: Contribution of the various error sources to the uncertainty in the direct and derived Z 
resonance parameters. "Statistics" include the event counting and luminosity point-to-point statistical 
errors; "selection" are the systematic errors associated with the event selection; "lumi" errors contain 
the experimental systematic uncertainties and the theoretical error of the luminosity cross-section; 
"t-channel" are the theoretical uncertainties of the i-channel correction for e + e~ — * e + e~; "-Ebeam" 
includes the uncertainties in the LEP centre-of-mass energy and centre-of-mass energy spread; "addtl. 
theory" gives the uncertainties related to the determination of the fit parameters from the measured 
cross-sections and asymmetries which are not included in the tables. 





Without lepton 


With lepton 


Standard Model 




universality 


universality 


prediction 


r inv (MeV) 


494.4 ± 4.2 


498.1 ± 2.6 


501.64^ 


r ee (MeV) 


83.66 ± 0.20 




83.9771838 


r^(MeV) 


84.03 ± 0.30 




83.976+°;°8 


r rr (MeV) 


83.94 ± 0.41 




83.786i°S 


T«(MeV) 




83.82 ± 0.15 


83.977+8:28 


Thad (MeV) 


1748.8 ± 4.6 


1745.4 ± 3.5 


1741.5+ljj 



Table 34: Z partial decay widths obtained from a parameter transformation from the fitted model- 
independent Z parameters given in Table E9. In the last column we give the values of the widths 



calculated in the context of the SM assuming the parameter variations given in Equation 25. 
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r. 

x inv 


r 

A ee 


r 

MA* 




^had 


r inv 


1.00 


0.81 


— 0.40 


-0.35 


-0.63 


L ee 


0.81 


1.00 


— 0.19 


-0.15 


-0.25 


r 

1 mm 


-0.40 


-0.19 


1.00 


0.33 


0.64 


r 


-0.35 


-0.15 


0.33 


1.00 


0.47 


Thad 


-0.63 


-0.25 


0.64 


0.47 


1.00 



Table 35: Error correlation matrix for the measurements of the partial widths, without assuming 
lepton universality, presented in Table S3. 





Tinv T« Thad 


r. 

x inv 

r« 

Thad 


1.00 0.60 -0.27 
0.60 1.00 0.36 
-0.27 0.36 1.00 



Table 36: Error correlation matrix for the measurements of the partial widths, assuming lepton 



universality, presented in Table 34. 





pexp 


r SM (MeV) 


errors 


(MeV) 


■pnew 
1 95 


(MeV) 


m H (GeV) 


150 


1000 




150 


1000 


r z 


-0.1 


7.1 


±4.1 


±2.1 


9.0 


14.8 


r. 

- 1 - inv 


-3.5 


-2.6 


±2.6 


±0.2 


3.4 


3.7 


Thad 


3.9 


9.6 


±3.5 


±1.9 


10.8 


16.2 


r« 


-0.15 


0.05 


±0.15 


±0.05 


0.22 


0.34 


x ee 


-0.31 


-0.11 


±0.20 


±0.05 


0.26 


0.35 


1 mm 


0.05 


0.25 


±0.30 


±0.05 


0.63 


0.78 


r 


0.16 


0.36 


±0.41 


±0.05 


0.93 


1.08 



Table 37: Upper limits for total and partial Z widths. The second column gives the difference 
between the measured width and the expected width in the SM for mn = 150 GeV, and the third 
column for ttt-h = 1000 GeV. These two results share the same errors, which are given in the fourth 
column. The first error is experimental and the second error reflects parametric uncertainties in the 
SM input parameters a 8 , m% and Aaj^ d as specified in Equation ^5[ The last two columns show the 
corresponding upper limits (one-sided Bayesian limits at 95 % C.L.) for new contributions, beyond the 
SM. For Fa, ri nv and r\ a d the experimental results with lepton universality imposed have been used. 
Both experimental and theoretical uncertainties are correlated between the different widths, therefore 
the limits cannot be used simultaneously. 





Without lepton 
universality 


With lepton 
universality 


SM 
prediction 




0.1091°;°! 
0.194±g5S2 

n i 77 +0.083 
yj - LI '-0.047 


n 1 QQO+0.0078 

u.ioyz_ 00g2 


o u™ +0 - 0030 

u.i4ou_ 0084 



Table 38: The leptonic coupling parameters obtained from a parameter transformation from the 
model-independent Z parameters given in Table 29. In the last column we give the value of the 



parameter calculated in the context of the SM assuming the parameter variations given in Equation 



85 













1.000 


-0.869 


-0.777 




-0.869 


1.000 


0.681 




-0.777 


0.681 


1.000 



Table 39: Error correlation matrix for the measurements of the leptonic coupling parameters, pre- 



sented in Table 38 



9Ae 
9Afi 
9At 
9A£ 
9Ve 
9Vn 

gvr 
g\i 



Without lepton 
universality 



-0.5009 



+0.0007 
-0.0007 



-0 ™04+ - 0026 

U.DUU4_ aool3 



-0.5011 



+0.0024 
-0.0016 



-0.027 



+0.008 
-0.006 



-0 049 +aon 
u.u^y_ 022 

-0 04^+ a012 

u - U4O -0.021 



With lepton 
universality 



-0 W)95 +0 - 00046 



-0.0350 



+0.0021 
-0.0020 



Standard Model 
prediction 



-0.50130; 



-0.00047 
-0.00013 



-0 nsfi5 +0 - 0022 

U - UODO -0.0008 



Table 40: Axial- vector and vector couplings obtained from a parameter transformation from the 



standard LEP parameter set given in Table |29. In the last column we give the values of the couplings 



calculated in the context of the SM assuming the parameter variations given in Equation 25 





gAe 


gAn 


5At 


SVe 


5Vm 




9Ae 


1.00 


-0.37 


-0.29 


-0.41 


0.34 


0.31 


9A[i 


-0.37 


1.00 


0.49 


0.70 


-0.83 


-0.54 


9At 


-0.29 


0.49 


1.00 


0.52 


-0.45 


-0.70 


9Ve 


-0.41 


0.70 


0.52 


1.00 


-0.87 


-0.77 


#v> 


0.34 


-0.83 


-0.45 


-0.87 


1.00 


0.68 


9\r 


0.31 


-0.54 


-0.70 


-0.77 


0.68 


1.00 



Table 41: Error correlation matrix for the measurements of the axial vector and vector couplings, 
without assuming lepton universality, presented in Table 



Observable 




Re 


0.132 


± 


0.007 


+0.003 
-0.001 


r z 


0.119 


± 


0.008 


+0.017 
-0.004 


< 


0.114 


± 


0.010 


+0.002 
-0.001 


4 


0.127 


± 


0.005 


+0.003 
-0.001 



Table 42: Determination of a s from the Z resonance parameters. The central value is obtained with 

(5) 

the SM parameters rut, mn and Aa^ as specified in Equation ^q. The second error reflects the 
effect on a s when these are varied within the given ranges. In all cases an additional uncertainty of 
±0.002 arises from QCD uncertainties on lY^, and must be included. 
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OPAL Z resonance 
measurements alone 


external 
m t = (174.3 ±5.1)GeV 


external 
mt = (174.3 ± 5.1)GeV 
a s = 0.1184 ±0.0031 


m z (GeV) 
m t (GeV) 
Aa® (xltf») 
a s (m|) 

log 10 (m H /GeV) 


91.1851±0.0030 
162±15±| 6 

2.803±0.064^Hoi 
0.125±0.005±g;ggf 


91.1851±0.0030 
174.3±5.1 
2.802±0.065 
0.127±0.005 

^•oy-o.ss 


91.1852±0.0030 
173.4±5.1 
2.800±0.064 
0.121±0.003 

r, r)Q+0.44 

Z - ZO -0.89 


m H (GeV) 


150 (fixed) 


onn+750 

OJU_ 280 




X 2 /d.o.f. 


159.7/200 


159.7/200 


161.7/201 



Table 43: Results of the full SM fit to the measured cross-sections and asymmetries. In the second 
column tbh is fixed to 150 GeV. The second errors show the variation for ttt-h = 90 GeV (lower) and 
toh = 1000 GeV (upper). In the remaining columns mn is determined from the data, with additional 
external constraints, as indicated. In all cases the electromagnetic coupling constant Aa^ was used 



as additional fit parameter with the constraint given in Equation 25 





A<r(pb) 


of (pk -) 


1.28 


af(pk 0) 


1.12 


af( V k +) 


1.20 


of (pk -) 


0.32 


af (pk 0) 


0.32 


erf (pk +) 


0.32 



Table 44: Uncertainties in the forward (<7p e ) and backward (crff) electron cross-section for t-channel 
plus s-t interference diagrams. The designations (pk — ), (pk 0), and (pk +) refer to the energy points 
respectively below, at and above the Z resonance, where the peak region is taken to lie within ±0.9 
GeV of mz- 
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Parameter 


fitting jg* 


fixing 


SM 
Prediction 


m z (GeV) 


91.1901 ±0.0115 


91.1866 ±0.0031 


input 


T Z (GeV) 


2.4936 ± 0.0047 


2.4943 ± 0.0041 


9 4Q4Q+ - 0021 
z - 4y4y -0.0074 


-tot 
'had 

„'tot 
J had 


2.962 ±0.010 
0.01 ±0.650 


2.963 ± 0.009 


9 Qfi97+ - 0051 
z - yDZ '-0.Q173 

n 91 HI +0.0048 


tot 
' e 


0.14122 ±0.00085 


0.14138 ±0.00069 




r tot 
M 


0.14205 ±0.00061 


0.14212 ± 0.00056 


1 42 60+ - 00020 

U.14ZDU_ .00070 


r tot 


0.14221 ±0.00078 


0.14229 ± 0.00074 




■tot 
Je 


-0.085 ± 0.052 


-0.076 ± 0.044 




■tot 
J fi 


-0.013 ±0.042 


-0.003 ± 0.030 


0043+ - 0002 
u.uu4w_ 0005 


■tot 
Jt 


-0.007 ± 0.045 


0.003 ± 0.034 




fb 
' e 


0.00134 ± 0.00086 


0.00140 ± 0.00084 




r fb 
A* 
r fb 


0.00265 ± 0.00046 
0.00238 ± 0.00059 


0.00261 ± 0.00044 
0.00234 ± 0.00057 


00300+ - 00013 

U.UUOUU_ 00035 


,-fb 
Je 


0.763 ± 0.070 


0.763 ± 0.070 




,-fb 
J 

,-fb 
Jr 


0.732 ± 0.036 
0.740 ± 0.042 


0.732 ± 0.036 
0.740 ± 0.042 


7QKK+0.Q007 
0. /985_ ooi6 


X 2 /d.o.f. 


146.6 / 187 


146.7 / 188 





Table 45: Results of the 16 and 15 parameter S-Matrix fits to the measured cross-section and lepton 
asymmetry data. The uncertainties on the LEP energy are included in the errors quoted. In the last 
column we give the predictions of the SM assuming the parameters and variations given in Table 25. 
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Parameters 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 


1 mz 


1.000 


-.441 


-.428 


-.964 


-.578 


-.357 


-.281 


-.537 


-.709 


-.658 


-.252 


.295 


.237 


.024 


.002 


.007 


2 r z 


-.441 


1.000 


.934 


.466 


.684 


.757 


.595 


.232 


.344 


.320 


.116 


-.117 


-.096 


-.011 


.043 


.035 


q ^tot 
had 


-.428 


.934 


1.000 


.457 


.679 


.755 


.594 


.222 


.333 


.310 


.117 


-.110 


-.090 


-.013 


.043 


.036 


J nau 


-.964 


.466 


.457 


1.000 


.585 


.377 


.296 


.536 


.708 


.657 


.247 


-.289 


-.232 


-.023 


.000 


-.005 


5 r* ot 


-.578 


.684 


.679 


.585 


1.000 


.561 


.433 


.338 


.431 


.400 


.277 


-.175 


-.141 


-.027 


.024 


.017 


6 r* ot 


-.357 


.757 


.755 


.377 


.561 


1.000 


.475 


.186 


.359 


.259 


.098 


-.079 


-.075 


-.011 


.059 


.028 


7 r* ot 


-.281 


.595 


.594 


.296 


.433 


.475 


1.000 


.147 


.218 


.277 


.076 


-.073 


-.043 


-.008 


.027 


.074 


8 jl ot 


-.537 


.232 


.222 


.536 


.338 


.186 


.147 


1.000 


.395 


.365 


.130 


-.161 


-.129 


.189 


-.002 


-.004 




-.709 


.344 


.333 


.708 


.431 


.359 


.218 


.395 


1.000 


.482 


.181 


-.190 


-.170 


-.017 


-.041 


-.003 


io j* ot 


-.658 


.320 


.310 


.657 


.400 


.259 


.277 


.365 


.482 


1.000 


.168 


-.197 


-.138 


-.016 


.000 


-.051 


11 


-.252 


.116 


.117 


.247 


.277 


.098 


.076 


.130 


.181 


.168 


1.000 


-.084 


-.068 


.054 


-.001 


-.002 


12 


.295 


-.117 


-.110 


-.289 


-.175 


-.079 


-.073 


-.161 


-.190 


-.197 


-.084 


1.000 


.082 


.008 


.181 


.004 


13 


.237 


-.096 


-.090 


-.232 


-.141 


-.075 


-.043 


-.129 


-.170 


-.138 


-.068 


.082 


1.000 


.006 


.002 


.162 


14 j«> 


.024 


-.011 


-.013 


-.023 


-.027 


-.011 


-.008 


.189 


-.017 


-.016 


.054 


.008 


.006 


1.000 


.000 


.000 


16 


.002 


.043 


.043 


.000 


.024 


.059 


.027 


-.002 


-.041 


.000 


-.001 


.181 


.002 


.000 


1.000 


.002 


.007 


.035 


.036 


-.005 


.017 


.028 


.074 


-.004 


-.003 


-.051 


-.002 


.004 


.162 


.000 


.002 


1.000 



Table 46: Error correlation matrix for the S-Matrix fit in Table 45 without assuming lepton universality, and without fixing j\°^ d , which controls 
the 7Z interference in the hadron channel. 




Figure 1: Typical examples for the four event categories. These views of the four final states measured 
in this analysis all show the detector projected along the beam axis, parallel to the magnetic field 
generated by the solenoid located between CT and ECAL. The approximately radial lines within the 
volume of the central tracker (CT) represent the reconstructed tracks of inonising particles. The 
dark trapezoids in the volumes of the electromagnetic calorimeter (ECAL) and hadronic calorimeter 
(HCAL) represent corresponding observed energy deposits. The arrows within the volume of the 
multiple-layer muon chambers (MU) represent reconstructed track segments of penetrating particles. 
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Figure 2: Two- and four-fermion diagrams. 

(a) The basic fermion-pair s-channel diagram which is responsible for almost all of the ff signal. 

(b) Radiative correction to (a) with a fermion pair FF in the initial state. Treated as signal. 

(c) Radiative correction to (a) with a fermion pair FF in the final state. Treated as signal. 

(d) Multiperipheral (two-photon) diagram. Treated as background. 

(e) Initial-state pair production in the t-channel, treated as background except for e + e~ — > e + e~. 

(f) Final-state pair production in the t-channel, treated as background except for e + e~ — > e + e~. 
Only the dominant boson is indicated. Additional contributions arise by substituting Z and 7. 
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OPAL 




Figure 3: The e + e~ — ► qq event selection. A comparison of the cut variables between data and Monte 
Carlo simulation: (a) the total multiplicity, N a \i, (b) the hemisphere invariant mass sum, m^mi, (c) the 
visible energy, E^/^/s, (d) the energy imbalance along the beam direction, R^ TSy ■ ^he P om ts are 
the data and the open histograms the e + e~ — > qq Monte Carlo simulation. The shaded histograms 
show the background Monte Carlo prediction which is dominated in the case of (a) and (b) by 
e + e~ — ► and in the case of (c) and (d) by e + e~ — > e + e~ff. The cuts are indicated by the arrows. 
In each case events are plotted only if they pass all the other selection cuts. 
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Figure 4: Distributions of the emulated cut variables for e + e~ — ► qq events at small angles to the 
x-axis, which have been processed by the acceptance hole emulation program, as described in the text. 
The data (points) and the JETSET Monte Carlo events (histogram) are compared. For these plots 
events are required to pass the standard e + e~ — > qq selection before the hole emulation. 
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Figure 5: Detector simulation study for the e + e~ — ► qq selection. The plots show the energy spectra 
(normalised to the number of tracks) for single ECAL clusters near isolated tracks for data (his- 
togram), for the standard Monte Carlo simulation (closed circles) and for the corrected Monte Carlo 
simulation (open circles). The upper plot is for tracks pointing into the endcaps of the electromagnetic 
calorimeter. The lower plot is for tracks pointing into the barrel region. Both plots are summed over 
all momenta. A clear improvement in the modelling of the distributions can be seen after correction. 
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Figure 6: The non-resonant background evaluation for the e + e~ — > qq selection. The plot shows 
the cross-section for events having a low visible energy, 0.10 < E^ / yfs < 0.18, or a large energy 
imbalance along the beam direction, 0.50 < R\^i rey < 0.75, (cri ow ) versus the cross-section for events 
having a high Ej^/y/a (> 0.18) and a small fl£™f rgy (< 0.50) ((Thigh)- The intercept of the fitted 
straight line yields the non-resonant background estimate. The distributions for E^/y/s and Ru^ isy 
are shown in Figure |3] (c) and (d) , respectively. 
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Figure 7: The separation of Monte Carlo e + e~ — ► £ + £~ events using the energy deposited in the 
electromagnetic calorimeter summed over all clusters, -Etotai versus the scalar sum of the momenta of 
the reconstructed tracks in the event, ptotal- Both quantities are scaled to the centre-of-mass energy 
y/s. The triangles show e + e~ — > e + e~ events, the solid squares show e + e~ — * fJ- + ^~ events and the 
open circles show e + e~ — > t + t~ events. 
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OPAL 




Figure 8: The e + e~ — * e + e~ event selection. 

(a) Distribution of the sum of electromagnetic energy, E tota _i/y/s, after all the other cuts have been 
applied, in the angular range | cos# c -| < 0.70. The arrow indicates the selection cut used. 

(b) Distribution of the acoplanarity angle of e~ and e + tracks for events satisfying 
0.7 < £ t otai/Vs < 0-8. 

(c) Distribution of the scalar sum of the track momenta, ptotal/\/~s, for the events satisfying 
0.7 < -Etotai/v^ < 0-8 and ^> a cop < 0.2°. In each case the points are the on-peak data, the open his- 
togram shows the Monte Carlo expectation and the shaded histogram shows the contribution from 
background processes. 
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Figure 9: The e + e~ — * e + e~ event acceptance. Angular distributions and acollinearity distributions 
from data samples at three different centre-of-mass energies. In each case the points are the data, the 
open histogram shows the Monte Carlo expectation and the shaded histogram shows the contribution 
from background processes. The arrows indicate the acceptance cuts used. 
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Figure 10: Distribution of E^ is for events passing all of the e + e~ — > selection cuts with 

the exception of E^ is > 0.6^. The 1993-1995 data are shown by the points and the histograms 
indicate the Monte Carlo expectation. The shaded histograms represent the background (mainly 
e + e~ — * t + t~). Figure (a) gives the distribution for all events, while (b) shows those events with 
tracks within 0.5° of the anode wire planes of the central tracking chamber. 
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Figure 11: Cuts used in the e + e~ — ► r + r~ event selection. Distributions of (a) and (b) the charged 
and total multiplicity, N traiC k and N traiC k + -^cluster used to reject background from e + e~ — ► qq, (c) E to ta\ 
for events with | cos 8 T \ < 0.7 showing the cut used to reject the background from e + e~ — * e + e~ in this 
barrel region of the detector and (d) E^ is /^ showing the cut used to reject two-photon interaction 
events. In all cases all other selection cuts have been applied. The points represent the 1993-1995 data 
(on-peak and off-peak), the histograms show the Monte Carlo expectation and the shaded histograms 
indicate the background component, predominantly e + e~ — * qq in (a) and (b), e + e~ — ► e + e~ in (c) 
and e + e~ — * e + e~l + l~ in (d). The cuts are indicated by the arrows. 
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Figure 12: Systematic checks of the e + e~ — > t + t~ event selection. 

Each plot corresponds to one of the control samples used to check the efficiency and background of 
the e + e~ — > r + r _ event selection. Plot a) corresponds to the sample used to assess the effect of 
the acollinearity cut, b) corresponds to the check of the inefficiency due to the cut on E^ is in the 
region | cos# r | > 0.7, c) shows the excess of e + e~ — ► ^u 4 pT background events in the region of the jet 
chamber anode planes, and d) shows the distribution of iVt rac jj for the control sample used to assess 
the e + e~ — * qq background. In all plots the data are shown by the points, the total Monte Carlo 
expectations are shown by the histograms and the contributions from events other than e + e~ — ► t + t~ 
are shown by the shaded histograms. Details are given in the text. 
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Figure 13: The distribution of the number of events of type (a) observed between adjacent events of 
type (b) forms a sensitive test for the constancy of the a/b rate ratio. When the ratio truly remains 
constant, the resulting distribution is a pure exponential, indicated by the line, whose logarithmic slope 
depends on the event type ratio. The upper plot shows the number of e + e~ — > qq events observed 
between adjacent luminosity events in the 1993-1995 peak data. The lower plot shows the reverse: 
the number of luminosity events observed between adjacent e + e~ — ► qq events. The tails of these 
distributions are particularly sensitive to any interruption in the experimental sensitivity to events of 
type (b), at the level of a few minutes in the sample of about six months of livetime shown. There 
were no overflows in either of these distributions. 
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Figure 14: The e + e~ — > t + t~ distribution of polar angle. Distributions of cos T - for the com- 
bined 1993-1995 data (points) separated into peak— 2, peak and peak+2 energy points. For these 
plots | cos 6 T - 1 is determined from the average of the polar angles of the positive and negative r cones 
determined using tracks and electromagnetic clusters. The additional cuts used for the asymmetry 
analysis have been applied. The Monte Carlo expectation is shown by the histogram and the back- 
ground contribution is shown as the shaded component. 
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Figure 15: Observed differential cross-sections as a function of cos for the process e + e~ — ► /i + ii~ 
at the three centre-of-mass energies in the 1993-1995 data. Corrections have been applied for ineffi- 
ciency and background. Only statistical errors are shown, bin-by-bin systematic uncertainties are not 
included. The curves correspond to fits to a simple parametrisation of the form a(l + cos 2 9) + 6 cos 0. 
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Figure 16: Observed differential cross-sections as a function of cos 6 for the process e + e~ — > t + t~ 
at the three centre-of-mass energies in the 1993-1995 data. Corrections have been applied for ineffi- 
ciency and background. Only statistical errors are shown, bin-by-bin systematic uncertainties are not 
included. The curves correspond to fits to a simple parametrisation of the form a(l + cos 2 6) + b cos 0. 
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Figure 17: Observed differential cross-sections as a function of cos 9 for the process e + e~ — > e + e~ 
at the three centre-of-mass energies in the 1993-1995 data. Corrections have been applied for ineffi- 
ciency and background. Only statistical errors are shown, bin-by-bin systematic uncertainties are not 
included. The curves show the predictions of ALIBABA. 
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Figure 18: The contribution at tree level of the five terms of equation ||| (solid lines) to the differential 
cross-section of e + e~ — > ^ + /U~ (dcr / dz (z = 1), z = cos9, in (pb)) as a function of y/s. Plots 
(a), (c) and (e) give the symmetric terms from 7, 7/Z and Z exchange respectively; (d) and (f) the 
antisymmetric 7/Z and Z exchange terms. The dashed line in (c) demonstrates the effect when the 
imaginary parts of the couplings are taken into account. The dashed line in (e) illustrates the profound 
change of the lineshape due to initial-state radiation. The dashed curve in (f) shows the 7/Z term 
of (d) superposed to illustrate how rapidly it dominates the more interesting ZZ term as the energy 
moves away from the peak, (b) shows the forward-backward asymmetry which results from the 7/Z 
(solid) and ZZ (dashed) terms when the cross-sections are integrated over — 1 < cos# < +1. The 
dotted vertical line in each plot indicates yfs = mz- 
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Figure 19: Comparison of the results from the C-parameter fit with the SM prediction as a function 
of Higgs mass mn- The vertical bands indicate the fit results and their horizontal widths correspond 
to one standard deviation error intervals. The shaded area shows (linearly) the variation of the SM 

(5) 

prediction for m t , a s , and Aq^ in the indicated ranges. These parameters are insensitive to a s , and 
its variation band is therefore invisible. 
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Figure 20: Comparison of the results of the 5-parameter model-independent fit with the SM prediction 
as a function of Higgs mass mn • The vertical bands indicate the fit results and their horizontal widths 
correspond to one standard deviation error intervals. The shaded area shows (linearly) the variation 

(5) 

of the SM prediction for m t , a s , and Aa^ ad in the indicated ranges. 
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Figure 21: The measured cross-sections for hadronic and leptonic final states as a function of centre-of- 
mass energy. The errors shown are statistical only. The solid line is the result of the 9-parameter model- 
independent fit to the combined leptonic and hadronic data (without assuming lepton universality) 

For the electrons, the dashed 
t interference, respectively. 



described in Section 11.2. The lower plots show the residuals to the fit. 
curves show the contributions of the pure s-channel, and i-channel plus s ■ 
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Figure 22: The measured forward-backward asymmetry in leptonic final states as a function of 
centre-of-mass energy. The errors shown are statistical only. The solid line is the result of the 
9-parameter model-independent fit to the combined leptonic and hadronic data (without assuming 
lepton universality) described in Section 11.2. The lower plots show the residuals to the fit. 
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Figure 23: Contours of 68% probability in the - Ri plane for each of the three lepton species 
(dotted, dashed). The solid contour results from a fit assuming lepton universality. In this plot, the 
results for the r are corrected for the mass effect so that a direct comparison with other lepton species 



(5) 

is possible. The SM prediction with a s , m t , mn and Aa^ as specified in Equation 25 is also shown 
as the intersection of the three arrows. The arrows indicate the range of the variation when a s , m t 



and mn are varied within the ranges specified in Equation 25 
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Figure 24: Contours of 68% probability in the gy£-gAe plane for each of the three lepton species 
(dotted, dashed). The solid contour results from a fit assuming lepton universality and is also shown 
enlarged in the inset figure. Here, the band indicates the SM prediction when mt and mn are varied 
as specified in equation 25. 
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Figure 25: Comparison of Z resonance parameters with the SM prediction as a function of a s . The 
vertical bands indicate the fit results and their horizontal widths correspond to one standard deviation 
error intervals. The hatched area shows (linearly) the variation of the SM prediction when m t , toh 

(5) 

and Aa^ ad are varied as specified in Equation E5| and indicated in the figure. 
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Figure 26: Contours of 68% probability in the a s -mji plane with nit constrained to 
174.3 ± 5.1 GeV ^33|. The undashed contour is obtained from the SM fit to cross-sections and asym- 
metries. For the dashed contour the fit was made on the results of the 9-parameter model- independent 
fit. The small circle and the star give the central values for the two fits, respectively. In both cases 
a numerical evaluation of the 68% C.L. contour was performed which accounts for asymmetric or 
non-parabolic parameter dependencies (MINUIT contour [62]). 
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